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Abstract 











Partitioning of the small amphipathic spin labels 2,2,6,6-tetramethylpiperidine-l-oxyl (TEMPO), 4-oxo-2,2,6,6-te- 
tramethylpiperidinyl-N-oxy (TEMPONE), and di-tertiary butyl nitroxide (DTBN) into interdigitated L,I and 
non-interdigitated Li, P,, and L, phases was compared. The double chain interdigitated phases examined were 
| ,2-dipalmitoylphosphatidylcholine (DPPC) in the presence of 2.17 M ethanol, dihexadecylphosphatidylcholine 
(DHPC), and the complexes of dipalmitoylphosphatidylglycerol (DPPG) with polymyxin B and myelin basic protein. 
The triple chain mixed interdigitated phase of the asymmetric chain |-stearoyl-2-caproyl-phosphatidylcholine (18:10- 
PC) was also examined. The non-interdigitated lipids were DPPC, DPPC in the presence of 0.87 M ethanol, DPPG, 
and the complex of DPPG with polylysine. Quantitation of the percentage of the membrane-bound spectral 
contribution in the presence of NiSO,, used to broaden the aqueous spectral contribution, showed that all three spin 
labels partitioned into the L,I phase significantly more than into the L; phase. The hyperfine splitting values 
indicated that all three spin labels were located near the apolar/polar interface in the L,I phase. The amount of 
TEMPO and DTBN bound to the L,I phase was similar to that in the L, phase but more TEMPONE was bound 
to the L,I phase than to the L, phase. This is attributed to the greater polarity of TEMPONE, its preference for a 
polar or amphipathic environment, and the larger volume between lipid head groups at the apolar/polar interface in 
the L,I phase compared to the other phases. However, TEMPO binding to the mixed interdigitated gel phase of 
18:10-PC was no greater than to the non-interdigitated L, phase of DPPC, reflecting the smaller volume at the 
apolar/polar interface of this triple chain interdigitated bilayer compared to the double chain interdigitated bilayers. 






















Abbreviations: DHPC, 1,2-dihexadecylphosphatidylcholine; DPPC, 1,2-dipalmitoylphosphatidylcholine; DPPG, 1,2-dipalmi- 
toylphosphatidylglycerol; DTBN, di-tertiary butyl nitroxide; EtOH, ethanol; L,, liquid crystalline phase; L,I, interdigitated gel 
phase; L,, non-interdigitated gel phase; MBP, myelin basic protein; P,, gel phase at temperatures above the premelt transition 
temperature; 18,10-PC, 1-stearoyl-2-caproyl-phosphatidylcholine; PMX, polymyxin B; TEMPO, 2,2,6,6-tetramethylpiperidine-|- 
oxyl; TEMPONE, 4-oxo-2,2,6,6-tetramethylpiperidinyl-N-oxy. 
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Thus interdigitation of the lipid bilayer, whether due to addition of a substance like ethanol, or spontaneous as in 
DHPC, can cause increased partitioning of other substances into the bilayer, provided that they are small enough to 
fit into the volume created at the apolar/polar interface. This increased partitioning could contribute to an increased 
permeability of small molecules across interdigitated bilayers. © 1997 Elsevier Science Ireland Ltd. 


Keywords: Spin label; EPR spectroscopy; Ethanol; Polymyxin B; Phosphatidylcholine; Phosphatidylglycerol; Myelin 


basic protein 





1. Introduction 


Many amphipathic compounds such as alcohols 
(at low concentrations) decrease the phase transi- 
tion temperature of lipids (Rowe, 1983; Sturtevant, 
1984; Kaminoh et al., 1988). Thermodynamic 
analyses predict that these compounds have a 
greater solubility in the liquid crystalline phase than 
in the gel phase. Indeed, the increased solubility of 
the small amphipathic spin label TEMPO in the 
liquid crystalline phase has been frequently used to 
detect lipid phase transitions (Hubbell and Mc- 
Connell, 1968; Shimshick and McConnell, 1973). 
However, other amphipathic compounds, such as 
glycerol, and alcohols themselves at higher concen- 
trations, cause interdigitation of the lipid bilayer in 
the gel phase (McDaniel et al., 1983; Simon and 
McIntosh, 1984). The phase transition temperature 
of the interdigitated bilayer is usually similar to that 
of the non-interdigitated bilayer. This implies that 
these compounds are dissolved in the bilayer in the 
interdigitated gel phase to a similar extent as in the 
liquid crystalline phase. They cause lateral separa- 
tion of the lipid head groups in the gel phase, 
probably accompanied by greater tilting of the lipid 
molecules (Nagel et al., 1992). When further tilting 
can no longer occur, interdigitation of the lipid 
fatty acid chains occurs and maximizes interaction 
between the chains while allowing separation of the 
lipid head groups by the solutes without tilting. The 
partition coefficient or solubility of these com- 
pounds in the interdigitated bilayer has only been 
measured in one study in which interdigitation was 
induced with butanol. Using titration calorimetry, 
Zhang and Rowe (1992) were able to show that the 
partition coefficient of butanol in the interdigitated 
L,I gel phase of dipalmitoylphosphatidylcholine 
(DPPC) was considerably greater than that in the 
non-interdigitated L;, gel phase and, indeed, was 


similar to that in the P, phase. However, it proved 
impossible to directly detect membrane-bound 
['*C]butanol in the L; or L,I phases using '°C- 
NMR (Herold et al., 1987). 

The partition coefficient of other compounds 
may also be increased in interdigitated bilayers 
where the interdigitation is induced by amphipathic 
substances such as ethanol. It may be similarly 
increased in lipids which spontaneously form inter- 
digitated bilayers in the absence of exogenous 
compounds such as_ dihexadecylphosphatidyl- 
choline (DHPC) (Ruocco et al., 1985). Membrane 
binding of small spin labels such as TEMPO, 
DTBN, and TEMPONE can be detected from their 
EPR spectra. In the present study we compare the 
membrane concentrations of these probes in a 
number of interdigitated and non-interdigitated gel 
phase bilayers. The double chain interdigitated 
phases examined were DPPC in the presence of 2.17 
M ethanol, DHPC, and the complexes of dipalmi- 
toylphosphatidylglycerol (DPPG) with polymyxin 
B (PMX) and myelin basic protein (MBP). The 
triple chain mixed interdigitated phase of the asym- 
metric chain  1-stearoyl-2-caproyl-phosphatidyl- 
choline (18:10-PC) was also examined. With the 
exception of the complex of MBP with DPPG, 
these phases have all been shown by others to be 
interdigitated using X-ray diffraction (Ranck and 
Tocanne, 1982; Hui et al., 1984; Simon and MclIn- 
tosh, 1984; Ruocco et al., 1985). This has been 
confirmed by us using fatty acid and lipid spin 
labels with the nitroxide group near the end of the 
acyl chain (Boggs and Rangaraj, 1985; Boggs and 
Mason, 1986; Boggs et al., 1989). The latter tech- 
nique also indicates that the complex of MBP with 
DPPG is interdigitated (Boggs et al., 1981; Boggs 
and Moscarello, 1982). The non-interdigitated 
lipids were DPPC, DPPC in the presence of 0.87 
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M ethanol (Simon and McIntosh, 1984), DPPG, 
and the complex of DPPG with polylysine (Carrier 
and Pezolet, 1986). The results show that the 
membrane concentrations of TEMPO, DTBN, and 
TEMPONE are considerably greater in the inter- 
digitated gel phase bilayers formed by symmetric 
chain length lipids than in non-interdigitated gel 
phase bilayers. However, this was not the case for 
the mixed interdigitated gel phase of 18:10-PC. In 
addition, the hyperfine splitting of the spectra of 
these probes reveals the polarity of their environ- 
ment (Griffith and Jost, 1976). Thus the location of 
these probes in the L,I, Ly, P,, and L, phases could 
be compared. 


2. Materials and methods 


1,2-Di-O-hexadecyl-sn-glycero-3-phosphocho- 
line (DHPC) was purchased from Calbiochem- 
Behring Corp. (La Jolla, CA), 1,2-Dipalmitoyl-sn- 
glycero-3-phosphocholine (DPPC) was from Sigma 
Chemical Co. (St. Louis, MO), 1,2-dipalmitoyl-sn- 
glycero-3-phosphoglycerol (DPPG) was _ from 
Avanti Chemical Co. and 1-stearoyl-2-caproyl-sn- 
glycero-3-phosphocholine (18:10-PC) was a gener- 
ous gift from Dr. J.T. Mason. 2,2,6,6-Tetramethyl- 
piperidine-l-oxyl (TEMPO), 4-oxo-2,2,6,6-te- 
tramethylpiperidinyl-N-oxy (TEMPONEB), and di- 
tertiary butyl nitroxide (DTBN) were from Aldrich 
Chemical Co.; polymyxin B sulfate (PMX) was 
from Sigma, and 100% ethanol from Consolidated 
Alcohols. Polylysine (M, > 20000) was purchased 
from Miles-Yeda. Myelin basic protein (MBP) was 
prepared from bovine brain white matter as de- 
scribed (Cheifetz and Moscarello, 1985). 

In the case of DHPC, DPPC with or without 
ethanol, and 18:10-PC, the lipids were dispersed in 
a 0.2 mM solution of the probe, prepared in 
distilled water with or without the desired amount 
of ethanol, by vigorous vortex mixing at a temper- 
ature above the lipid phase transition temperature. 
Samples with ethanol were prepared in capped 
tubes and were incubated at 45°C for 5 min to cause 
them to be in the L,I phase when cooled to 9°C, 
the lowest temperature used for measurement of the 
EPR spectra (Boggs et al., 1989). Nambi et al. 
(1988) showed that at 2.17 M ethanol the transition 
temperature from the L;, to the L,I phase is about 


12°C. The reverse transition from the L,I to the L, 
phase on cooling is slow. Thus, our samples which 
were all cooled from 45°C within | h or less before 
measurement of the spectra, are in the L,I phase 
at 9°C. DPPC in the absence of ethanol was treated 
similarly. Just before measurement of the spectra, 
an equal volume of 32% (w/w) sucrose, as used by 
Rowe (1982), with or without the desired amount 
of ethanol, was added and the sample was gently 
mixed. Preliminary measurements were made in the 
absence of sucrose and similar results were ob- 
tained. However, the sucrose prevented settling out 
of the lipid suspension during measurement of the 
EPR spectrum and allowed more quantitative com- 
parisons. The final lipid concentration was either 4 
mg/70 ul or 6 mg/50 wl. The probe solution 
measured for comparison was treated similarly. 
Thus, the final probe concentration was 0.1 mM. 
About 40-50 ul of the sample were taken up in a 
50 ul capillary tube, sealed at one end with 
Critoseal, and positioned with the sample in the 
EPR cavity. 

PMX-—DPPG samples were prepared as de- 
scribed earlier by combining chloroform/methanol 
solutions of the lipid and PMX in a 5:1 mole ratio, 
evaporating the solvent and dispersing the PMX— 
DPPG complex in 0.1 mM TEMPO at a concentra- 
tion of 4 mg DPPG/70 ul (Boggs and Rangaraj, 
1985). MBP or polylysine were dissolved in 0.1 mM 
TEMPO containing 10 mM acetate buffer, 10 mM 
NaCl, at pH 6, at a concentration of 4 mg/ml 
(Boggs et al., 1981; Boggs and Moscarello, 1982); 
0.5 ml MBP or polylysine solution was added to 2 
mg dry DPPG. All samples were dispersed by 
vigorous vortex mixing at a temperature above the 
lipid phase transition temperature. None of the 
samples with DPPG contained sucrose since they 
formed precipitates in the presence of PMX or 
proteins. They were centrifuged for 5 min in an 
Eppendorf bench centrifuge, all but about 25 yl of 
the supernatant were removed, and the pellets were 
resuspended in the remaining supernatant. The 
suspension was taken up in a 50 wl capillary tube 
which was sealed at one end with a torch and 
centrifuged at 2000 rev./min for 10 min. The pellet, 
which was about | cm long in all cases, was 
positioned in the cavity of the EPR spectrometer. 

The presence of the interdigitated or mixed 
interdigitated L,I phases, or the non-interdigitated 

















L), or P’, gel phases under the conditions used was 
confirmed on separate samples containing fatty 
acid or lipid spin labels as described earlier 
(Boggs and Rangaraj, 1985; Boggs and Mason, 
1986; Boggs et al., 1989). Fatty acid or lipid spin 
labels with the nitroxide group near the end of 
the acyl chain are significantly more motionally 
restricted in the interdigitated phases than in the 
non-interdigitated phases allowing identification 
of the phase structure. Interdigitation still oc- 
curred in the presence of 16% sucrose and 0.125 
M NiSO,. 

EPR spectra were measured on a Varian E- 
104B spectrometer equipped with a Varian tem- 
perature controller and a DEC LSI-11 based 
microcomputer system. 

Most lipid samples were also prepared by hy- 
dration with 0.2 mM probe containing 0.125 M 
NiSO,, with or without ethanol, in order to 
broaden the spectrum of the probe free in solu- 
tion and thus reveal the spectrum in the lipid 
bilayer (Polnaszek et al., 1978). An equal volume 
of sucrose solution also containing NiSO,, with 
or without ethanol as required, was then added to 
all samples except those with PMX as described 
above. The final lipid concentration was 6 mg/50 
ul. The broadening effect of NiSO, increased with 
temperature. At 9°C the residual spectrum of the 
probe in the aqueous phase in 0.125 M NiSO, 
was still significant (shown for TEMPO in Fig. 
1C, dotted line; peak height was 5% of that in the 
absence of NiSO,), particularly when compared 
to the membrane-bound spectra (e.g. Fig. 1E, 
dotted line). However, the broadened spectrum 
was easier to subtract from the spectra of the 
lipid samples than the unbroadened spectrum of 
free probe in water. At higher temperatures, 
broadening of the spectrum due to the probe in 
the aqueous phase was more complete and the 
broadened spectrum due to free probe in solution 
had little effect on the visual appearance of the 
membrane-bound spectra, except in the case of 
TEMPONE where less of the probe was mem- 
brane-bound. However, subtraction of the spec- 
trum of free probe in NiSO, was still necessary in 
order to determine the fraction of probe in the 
membrane phase by integration of the spectra, 
since the integral of the broadened spectrum is 
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identical to that of the unbroadened spectrum. 

Fractional amounts of the spectrum of the 
probe in solution in NiSO,, measured at the same 
temperature as the lipid samples, were subtracted 
from the spectrum of the probe in the lipid sam- 
ple in the presence of NiSO, until a realistic 
appearing spectrum of the probe in the membra- 
nous phase was obtained, in which the baseline 
did not become negative either before or after 
double integration (Jost and Griffith, 1978; Wang 
et al., 1989). The resulting membrane spectra in 
the presence of NiSO, resembled those in its 
absence in those cases where the membrane spec- 
trum could be sufficiently revealed by subtraction 
of the spectrum of the free probe; these included 
TEMPO in DPPC in 2.17 M ethanol and DHPC 
in the gel phase. In the presence of NiSO,, the 
Original total spectrum and the spectrum of the 
probe in solution were integrated twice to give the 
values T and S, respectively and the amount of 
membrane-bound probe, M, was determined from 
M = T-fS, where f is the fractional amount of the 
solution spectrum S subtracted from the total 
spectrum T to give the result spectrum M of the 
membrane-bound probe. The percentage of probe 
in the membrane phase, m, was determined from 
m= M/T x 100. Alternatively the result spectrum 
M was also integrated twice to give the value of 
the membrane-bound probe, M, directly, and m 
was determined as M/T x 100. Both methods 
gave similar results. The endpoint of the subtrac- 
tion was easier to determine for some samples 
than others. A range of values for the percentage 
of membrane-bound probe is given using all re- 
sult spectra which appeared to be equally valid. 
This range is wider for those samples where it was 
difficult to determine the endpoint. 

The isotropic hyperfine splitting constant, a,, 
was determined from spectra characteristic of 
nearly isotropic motion as described earlier 
(Boggs and Moscarello, 1978). NiSO, also caused 
significant broadening of the membrane-bound 
spectra, particularly at higher temperatures. This 
did not affect the value of the double integral. 
However, the motional parameter, t,, or correla- 
tion time, t,, could not be calculated from the 
width of the center peak and line height ratios. 
























































3. Results 
3.1. Non-interdigitated phases of DPPC 


In the P’, and L, phases of lipids, these probes 
are located in lower polarity environments which 
reduces the hyperfine splitting of the spectrum of 
the lipid-bound probe and allows resolution of the 
high field peak (a) of the spectrum of membrane- 
bound probe from that of the probe in aqueous 
solution as shown in Fig. 1A for TEMPO in the 
L, liquid crystalline phase of DPPC. In Fig. 1A, 
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Fig. 1. EPR spectra of 0.1 mM TEMPO in (A) 120 mg/ml DPPC at 54°C in water (solid line) and in 0.125 M NiSO, (dotted line), 
both plotted out at the same scale; (B) DPPC at 9°C in water, plotted at the same scale as A; (C) TEMPO free in solution in water 
(solid line) and in 0.125 M NiSO, (dotted line), both plotted out at the same scale as in A and B; (D) DPPC at 9°C in 0.125 M 
NiSO,, plotted out amplified 7.8 times relative to other spectra; (E) membrane-bound spectral component of TEMPO in DPPC at 
9°C in 0.125 M NiSO, after subtraction of fractional amount of spectrum of TEMPO in solution in NiSO,, plotted out amplified 
7.8 times (solid line) and at the same scale as spectra in A, B, and C (dotted line). Peak (a) in (A) is due to membrane-bound 
TEMPO and peak (b) is due to TEMPO in the aqueous phase. Method of measurement of the height of the center peak, /o, of the 
corrected membrane-bound spectrum is indicated in (E). Both the lipid suspension and the free TEMPO solution contain sucrose. 



























20G 


























the high field peak (b) due to free TEMPO in 
water can be resolved from that of membrane- 
bound TEMPO only below the baseline. The cor- 
responding peak above the baseline has been 
offset by the larger membrane-bound peak (a) 
below the baseline. However, in the L; gel phase 
of DPPC, the membrane-bound spectrum of these 
probes is not resolved from that due to the probe 
in solution, as shown for TEMPO in Fig. 1B. The 
binding of these probes to the gel phase is re- 
vealed only by the fact that their spectra are a 
little more asymmetric and the height of the cen- 
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ter peak is reduced compared to the spectra of the 
probes in solution (shown for TEMPO in Fig. 
1C). This is due to binding of the probe to a 
region of the bilayer where its motion is slowed 
compared to that in solution, but which has a 
relatively similar polarity as in the aqueous phase. 
This has been confirmed using Ni** to broaden 
the spectrum due to probe in solution and reveal 
the membrane-bound spectrum (Keith et al., 
1977; Polnaszek et al., 1978) or by use of 
perdeuterated probes to resolve the membrane- 
bound peaks (Severcan and Cannistraro, 1988). 

VHF W-band EPR has also been used to re- 
solve the membrane-bound peaks in the P%, and L, 
phases of DPPC although it was not able to 
detect probe in the Li phase (Smirnov et al., 
1995). However, even when the membrane-bound 
peaks are distinguished by these techniques, their 
height is affected by the mobility of the spin label. 
In order to compare the amount of probe bound 
to the L;, and L,I and other phases, it is necessary 
to resolve the spectrum of probe in the membrane 
environment from that in the aqueous environ- 
ment by spectral subtraction and quantitate it by 
double integration. This has been done for 
TEMPO in non-interdigitated phases of DPPC 
(Wang et al., 1993). However, we found it difficult 
to subtract the sharp spectrum of the probe in 
solution from the composite spectrum. Therefore, 
in this study we use NiSO, to broaden the spec- 
trum of the probe in solution before subtracting 
the spectra. 

The spectrum of TEMPO in DPPC at 9°C in 
NiSO, is shown in Fig. 1D, amplified 7.8 times 
relative to that in Fig. 1B. At this temperature, 
Ni** does not completely eliminate the spectrum 
of TEMPO in the aqueous phase (see Fig. 1C, 
dotted line). The broadness of the spectrum in 
Fig. 1D indicates a significant contribution from 
the broadened spectrum of TEMPO in the 
aqueous phase. The spectrum of TEMPO in solu- 
tion in NiSO, in Fig. 1C (dotted line) was sub- 
tracted from that in DPPC in Fig. 1D to give the 
spectrum of TEMPO in the L;, gel phase of DPPC 
itself, shown amplified in Fig. 1E (solid line). It is 
also shown in Fig. 1E (dotted line) plotted at the 
same scale as the total spectrum in the absence of 
NiSO, in Fig. 1B. Integration of the membrane- 





bound spectral component in Fig. 1E (dotted line) 
showed that 36—41% of the TEMPO giving the 
spectrum in Fig. 1B was located in the gel phase 
bilayer rather than the aqueous phase (Table 1). It 
is located in an environment only a little less polar 
than water as indicated by the value of the 
isotropic hyperfine splitting, a,= 16.7 G com- 
pared to a value of 17.2 G in water (Table 1). 

The increase in amount bound to the P,, phase 
at 34°C and the L, phase at 54°C was determined 
by integration of the membrane-bound spectra 
obtained in the presence of NiSO, (shown in Fig. 
1A for the L, phase, dotted line). The membrane- 
bound spectrum in the L, phase is broader and of 
lower intensity than the high field membrane- 
bound peak (a) in the absence of NiSO, due to 
broadening of the spectrum of membrane-bound 
TEMPO by Ni**. This may be at least partially 
due to the accessibility of Ni?* to TEMPO in the 
membrane. In addition, Pali et al. (1992) showed 
that Ni?* could also cause dipolar relaxation of 
fatty acid spin labels in gel phase lipid bilayers by 
a solid state mechanism with a 1/R* dependence 
on the distance R of the nitroxide from the bilayer 
surface. However, this broadening does not affect 
the integrated value. Integration of the spectra 
showed that the amount bound increases to 42- 
64% in the P), phase and further to 81% in the L, 
phase (Table 1). TEMPO also is in a significantly 
more apolar environment in the P, phase than in 
the L), phase. Its environment in the P’, phase is 
almost as apolar as in the L, phase (Table 1). 
Similar results were found for TEMPONE and 
DTBN (Table 1) except that their partition coeffi- 
cients were less than that of TEMPO. The parti- 
tion coefficient in all three phases decreased in the 
order TEMPO > DTBN > TEMPONE. The low 
amount of TEMPONE bound to the L;, and P, 
phases of DPPC made quantitation in_ these 
phases more difficult and less accurate than for 
the other probes. 


3.2. DPPC/ethanol 


The amount of the probes in the gel phases of 
DPPC in the presence of 0.87 M and 2.17 M 
ethanol was then determined. DPPC has been 
shown by X-ray diffraction to form the non-inter- 
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digitated L), gel phase at the lower ethanol con- 
centration and an interdigitated L,I gel phase at 
the higher concentration (Simon and MclIntosh, 
1984). In the Ly gel phase in 0.87 M ethanol, the 
spectra (shown for TEMPO in Fig. 2A) appeared 
relatively similar to that in the absence of ethanol. 
The spectrum of TEMPO located in the mem- 
brane phase in the presence of NiSO, at 9°C (after 


subtraction of the Ni**-broadened spectrum of 


TEMPO in the aqueous phase) is shown amplified 
in Fig. 2B (solid line), and also plotted at the 
same scale as that in Fig. 2A (dotted line in Fig. 
2B). It is very similar to that in DPPC without 
ethanol (Fig. 1E), although a, is larger (Table 1) 
indicating that TEMPO is in a slightly more polar 
environment. Integration of the spectrum indi- 
cated that the amount bound to DPPC in 0.87 M 
ethanol is greater than in the absence of ethanol 
(Table 1). As in the absence of ethanol, TEMPO 
is in a more apolar environment in the P’, phase 
and the amount bound is a little greater than in 
the L), phase. In the L, phase the amount bound 
is similar to DPPC in the absence of ethanol. 

In 2.17 M ethanol, the spectrum of TEMPO in 
the L,I interdigitated gel phase of DPPC (Fig. 
2C) is significantly different from the non-inter- 
digitated L), gel phase bilayers at 0 and 0.87 M 
ethanol. Peaks or shoulders due to membrane- 
bound TEMPO could be distinguished from those 
due to TEMPO in the aqueous phase on both the 
low and high field sides. The membrane-bound 
spectrum in the presence of NiSO, is shown in 
Fig. 2D. Interestingly, the polarity of the environ- 
ment of TEMPO in the interdigitated bilayer at 
9°C was similar to that in the non-interdigitated 
bilayer of DPPC, particularly that in the presence 
of 0.87 M ethanol (Table 1). However, integration 


of the spectrum showed that the amount of 


TEMPO bound to DPPC at 2.17 M was signifi- 
cantly greater than at 0.87 M (Table 1). 

At 34°C it was in a more apolar environment 
than at 9°C but not as apolar as in the non-inter- 
digitated bilayers. Greater broadening by NiSO, 
occurred at this temperature for TEMPO in the 
interdigitated bilayer than in the non-interdigi- 
tated bilayers. This is evident from the decrease in 
peak height of the membrane-bound spectrum, /p, 
on increasing the temperature from 9°C to 34°C 
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Fig. 2. EPR spectra of TEMPO at 9°C in 120 mg/ml DPPC 
suspended in water containing sucrose and (A) 0.87 M 
ethanol; (B) 0.87 M ethanol and 0.125 M NiSQ,, after subtrac- 
tion of fractional amount of spectrum of TEMPO in NiSQ,. 
Membrane-bound spectrum is plotted amplified 9.5 times 
(solid line) and at the same scale as in A (dotted line); (C) 2.17 
M ethanol, plotted at the same scale as in A; (D) 2.17 M 
ethanol and 0.125 M NiSO,, after subtraction of fractional 
amount of spectrum of TEMPO in NiSO,. Membrane-bound 
spectrum is plotted amplified 9.5 times (solid line) and at the 
same scale as in A and C (dotted line). 
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at 2.17 M in contrast to the increase in h, which 
occurs at 0 and 0.87 M ethanol (Table 1). This 
decrease is not due to a decrease in the amount 
bound since integration shows that a similar 
amount is bound at both temperatures (Table 1). 
Thus membrane-bound TEMPO may be more 
accessible to Ni** at 34°C in the L,I phase than 
in the P, phase. Broadening of the membrane- 
bound spectrum continued to increase with in- 
crease in NiSO, concentration at concentrations 
where broadening of the spectrum of TEMPO in 
the aqueous phase was nearly complete (not 
shown). This indicates that broadening of the 
spectrum of membrane-bound TEMPO was not 
due to exchange with TEMPO in solution, since 
in that case it should have been affected in the 
same way by Ni** concentration as TEMPO in 
the aqueous phase (Kulikov and Likhtenstein, 
1977). At lower temperatures, accessibility of 
Ni? * to membrane-bound TEMPO may decrease 
since the height increased on cooling back to 9°C. 
This increase may also be due to the decreased 
ability of Ni** to cause dipolar relaxation at 
lower temperatures where the mobility is lower. 

In the L, phase, the polarity of the environment 
and the amount bound were not significantly af- 
fected by ethanol up to 2.17 M. At 2.17 M 
ethanol, the amount of bound TEMPO did not 
increase further during the L,I to L, phase transi- 
tion. If TEMPO behaves like ethanol in the inter- 
digitated gel phase, the lack of increase in amount 
bound to the L, phase compared to the L,I phase 
is to be expected since 2.17 M ethanol has no 
effect on the phase transition temperature. How- 
ever, at 0.87 M where ethanol causes a decrease in 
the phase transition temperature, the amount of 
membrane-bound TEMPO increased during the 
P’, to L, phase transition. At a concentration of 
10-50 mM, TEMPO behaves like ethanol and 
similar drugs in that it causes a decrease of 2—7°C 
in the phase transition temperature of DPPC (de- 
termined by differential scanning calorimetry, not 
shown), although no evidence has been found that 
it causes interdigitation. Thus, at low concentra- 
tions, in the presence of high concentrations of 
ethanol, its solubility in the bilayer could mimic 
that of ethanol. 





























Fig. 3. Membrane-bound EPR spectra of (A) DTBN and (B) 
TEMPONE at 9°C in DPPC suspended in water containing 
sucrose, 0.125 M NiSO, and 2.17 M ethanol after subtraction 
of fractional amounts of spectra of spin labels in NiSO,. 


Similar results were found for TEMPONE and 
DTBN. Their membrane-bound spectra in the 
L,I phase of DPPC in 2.17 M ethanol, obtained 
in the presence of Ni?* after subtraction of the 
Ni? * -broadened spectra of the probes in solution, 
are shown in Fig. 3A and Fig. 3B, respectively. 
The amount of these probes bound to the L,I 
phase, 52—66%, was significantly greater than to 
the L, or P, phases but it was less than for 
TEMPO (Table 1). Even though 52% of the 
TEMPONE was bound to the L,I phase it had 
no detectable effect on the spectrum in the ab- 
sence of Ni?* except for a further increase in 
asymmetry and reduction of the height of the 
center line of the spectrum (not shown). A mem- 
brane-bound peak to the left of the high field 
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aqueous peak could be detected for DTBN, how- 
ever (not shown). The amount of DTBN bound 
to the L,I phase remained relatively constant 
through the phase transition as for TEMPO, but 
interestingly, for TEMPONE it decreased on go- 
ing from the L,I phase to the L, phase. Both 
probes were located in a more polar environment 
in the L; and L,I phases than in the P, phase and 
went into a more apolar environment in the L, 
phase as found for TEMPO. Greater broadening 
by Ni?* of membrane-bound probe occurred in 
the L,I phase at 34°C than in the P), phase and 
the broadening was greater for TEMPONE in all 
phases at 34°C and above than for DTBN or 
TEMPO. 


3.3. DHPC and 18:10-PC phases 


DHPC forms an interdigitated gel phase up to 
around 35°C where it undergoes a L,I to P, 
phase transition (Ruocco et al., 1985). A signifi- 
cant fraction of TEMPO is also dissolved in the 
interdigitated gel phase of DHPC as shown for 
the spectrum at 9°C in Fig. 4A. The low, center 
and high field peaks of the membrane-bound 
spectrum can be distinguished from the aqueous 
spectrum even more clearly than for DPPC in the 
presence of 2.17 M ethanol. The membrane- 
bound spectrum obtained in the presence of 
NiSO, at this temperature (Fig. 4B) indicates that 
TEMPO has more anisotropic motion in the in- 
terdigitated gel phase of DHPC than in that of 
DPPC/ethanol. 

Integration of the membrane-bound spectrum 
showed that the amount bound was greater than to 
non-interdigitated DPPC and similar to that in the 
interdigitated bilayer of DPPC induced by ethanol. 
At temperatures above 30°C, where DHPC forms 
a non-interdigitated P;, phase Ruocco et al., 1985), 
the spectrum in the presence of NiSO, is more 
isotropic (Fig. 4C). There was little or no difference 
in binding of TEMPO to the L,I, Py, or L, phases 
as found for DPPC in ethanol (Table 1). The a, 
value was similar in all phases (Table 1). At 34°C, 
the height 4, was greater in the P, phase compared 
to the L,I phase of DPPC in 2.17 M ethanol (Table 
1), indicating less Ni>* broadening in the P, phase 
than in the L,I phase. 


No membrane-bound component could be de- 
tected in spectra of TEMPO in the mixed interdig- 
itated (triple chain) gel phase of 18:10-PC (Hui et 


















































Fig. 4. EPR spectra of TEMPO in 57 mg/ml DHPC suspended 
(A) in water containing sucrose at 9°C; (B) in water containing 
sucrose and 0.125 M NiSO, at 9°C, plotted amplified 5.8 times 
relative to A; (C) as in B at 34°C. Spectrum shown in (B) was 
not corrected by subtraction of spectrum of TEMPO in 
NiSO,. This correction had only small effects on the lineshape 
of the spectrum, although it reduced the height by about 4% 
(center peak). However, the spectrum shown in (C) was cor- 
rected. 
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al., 1984) at 9°C in the absence of NiSO, although 
the spectrum was a little more asymmetric than 
that in water as found for the non-interdigitated 
L;, phase of DPPC, indicating interaction of some 
of the probe with the lipid. Since it appeared to be 
much less than in the double chain interdigitated 
gel phases, this lipid was not examined in the 
presence of NiSQO,. 


3.4. DPPG/PMX, DPPG/MBP, and 
DPPG/polylysine bilayers 


Polymyxin B (PMX) was shown to cause inter- 
digitation of DPPG using X-ray diffraction by 
Ranck and Tocanne (1982). The phase transition 
temperature of the interdigitated bilayer is similar 
to or a little less than that of DPPG. The spec- 
trum of TEMPO in the complex of DPPG-PMX 
(5:1 m/m) at 9°C is shown in Fig. 5A and shows 
that TEMPO is dissolved in the interdigitated gel 
phase of this lipid also. As for DHPC, the mem- 
brane-bound spectrum can be detected at the 
high, center, and low field positions, but it is 
broader than that found for DHPC. The mem- 
brane-bound spectrum obtained in the presence of 
NiSO, (Fig. 5B) shows that TEMPO has slow 
motion in DPPG/PMX. The motion is more an- 
isotropic than in DPPC but less than in DHPC. 
Integration of the membrane-bound spectra in 
DPPG/PMX in the presence of NiSO, showed 
that the amount bound at 9°C was similar to the 
other L,I phases and it did not increase with 
temperature (Table 1). The Ni** broadening of 
membrane-bound TEMPO at 29°C was less than 
in the other L,I phases since h, increased from its 
value at 9°C. 

A similar spectrum to that in Fig. 5A is ob- 
tained for the complex of MBP with DPPG at pH 
6 (Fig. 5C). This complex is also thought to be 
interdigitated since it causes motional restriction 
of lipid and fatty acid spin labels in which the 
nitroxide group is near the terminal methyl, simi- 
lar to the behavior of other interdigitated bilayers 
(Boggs et al., 1981, 1989; Boggs and Moscarello, 
1982). In contrast, no membrane-bound compo- 
nent could be detected in the spectrum of 
TEMPO added to the complex of polylysine 
DPPG (not shown). The spectrum resembled that 
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Fig. 5. EPR spectra of TEMPO at 9°C in (A) DPPG/PMX 5:1 
(m/m) in buffer without NiSO,; (B) DPPG/PMX in buffer 
containing 0.125 M NiSO, after subtraction of fractional 
amount of spectrum of TEMPO in NiSO,, plotted amplified 
by an arbitrary amount relative to A; (C) DPPG/MBP in 
buffer without NiSO,. Pelleted samples were used and the 
amount of material present is not known. However, the size of 
the pellets in the EPR capillary tube was similar in all cases. 











of TEMPO in water. Polylysine does not cause 
interdigitation of DPPG (Carrier and Pezolet, 
1986). 


4. Discussion 


In this study we have been able to directly 
detect membrane-bound TEMPO, DTBN, and 
TEMPONE in interdigitated and non-interdigi- 
tated gel phases. We have shown that these am- 
phipathic spin labels can _ partition into 
interdigitated gel phase bilayers formed of sym- 
metric lipids significantly more than into non-in- 
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Fig. 6. Diagramatic representation of different types of gel 
phase bilayers indicating the location of a small amphipathic 
spin label or other molecule (*) in (a) non-interdigitated 
bilayer; (b) fully interdigitated double-chain bilayer formed by 
symmetric chain length lipids; (c) triple chain mixed interdigi- 
tated bilayer formed by asymmetric chain length lipids. A 
small amount of the spin label (*) can partition into the gel 
phase of the non-interdigitated bilayer (a) or the mixed inter- 
digitated bilayer (c) near the apolar/polar interface. Although 
not depicted in the model, the hydrocarbon chains below the 
interface region are probably too closely packed in all three gel 
phase bilayers to allow much spin label to partition into the 
hydrophobic region of the acyl chains. In the double chain 
interdigitated bilayer (c) additional spin label (*) can partition 
into the larger space created at the interface region by separa- 
tion of the lipid molecules by interdigitating lipid molecules 
from the other side of the bilayer. Insufficient space is avail- 
able in the triple chain interdigitated bilayer to permit this 
additional binding of molecules of the size of the spin labels 
used. Amphipathic molecules which induce interdigitation of 
symmetric chain length lipids, such as ethanol, are probably 
located in the same regions as indicated by the *. 
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terdigitated gel phase bilayers as depicted in Fig. 
6. This is true for lipids where interdigitation is 
induced by amphipathic compounds or proteins 
and also for the symmetric lipid DHPC which 
spontaneously forms interdigitated bilayers. This 
increased solubility of other substances in the 
interdigitated bilayer is consistent with the in- 
crease in the L,I to the P, phase transition tem- 
perature of DHPC caused by ethanol which 
indicates that it interacts preferentially with the 
interdigitated phase relative to the P% phase 
(Veiro et al., 1988). Thus, if interdigitated gel 
phase bilayers can form in natural membranes, 
they could allow a variety of other substances to 
partition into them. This might result in a greater 
permeability than for non-interdigitated bilayers 
as shown by Zeng et al. (1993) for the permeabil- 
ity of protons through interdigitated DPPC-— 
ethanol bilayers. Komatsu and Okada (1995) 
recently showed that the permeability of the L,I 
phase of DPPC to calcein was greater than that of 
the L), phase and similar to that of the L, phase 
of egg PC. The greater permeability may be partly 
due to the decreased bilayer thickness and, in the 
case of charged substances, to the decreased sur- 
face charge density of the interdigitated bilayer. 
The present results indicate that for amphipathic 
substances, increased binding to the interdigitated 
bilayer might also contribute to an increase in 
permeability. 

The interdigitated bilayer might be expected to 
accommodate amphipathic substances better than 
non-interdigitated bilayers since there is a greater 
molecular area per lipid head group in the inter- 
digitated bilayer, provided that they are small 
enough to fit in this region (Fig. 6b). TEMPO, 
TEMPONE, and DTBN all were small enough to 
do so. These substances are expected to locate 
near the apolar/polar interface, i.e. in the same 
site occupied by substances which cause interdigi- 
tation. This was supported by the high polarity of 
the environment of these probes in interdigitated 
bilayers at low temperatures. By measuring the 
thickness of the interdigitated bilayer in the pres- 
ence of different chain length alcohols by X-ray 
diffraction, Adachi et al. (1995) showed that 
ethanol was oriented parallel to the acyl chains in 
the apolar/polar interface of the interdigitated 














bilayer with two ethanol molecules packed end-to- 
end with the two fatty acid chains of each lipid 
molecule. On the other hand, large molecules such 
as prodan which are too big to fit in this space 
and not long enough to insert between the acyl 
chains and interact with them by van der Waals 
interactions are excluded from the interdigitated 
bilayer (Zeng and Chong, 1995). Compounds with 
long acyl chains, however, such as laurdan (Zeng 
and Chong, 1995) or fatty acid spin labels (Boggs 
and Moscarello, 1982; Boggs et al., 1989), which 
can insert between the acyl chains and interact 
with them by van der Waals interactions are not 
excluded. 

The concentration of TEMPO and DTBN in 
the interdigitated phase did not change signifi- 
cantly with temperature and did not increase in 
the L, phase. This is to be expected for interdigi- 
tated bilayers such as DPPC/ethanol and DPPG;/ 
PMX whose phase transition temperatures are 
similar to that of non-interdigitated bilayers, if 
TEMPO behaves like the substance inducing the 
interdigitation. However, the interdigitated bi- 
layer of DPPC induced by butanol has a lower 
phase transition temperature than DPPC alone. 
Consistent with this, butanol was found to have a 
lower partition coefficient in the interdigitated 
bilayer than in the L, phase (Zhang and Rowe, 
1992). Although the partition coefficient of bu- 
tanol in the non-interdigitated L;, phase could not 
be measured, it must have been less than 50% of 
that in the L,I phase, in agreement with the 
relative differences in TEMPO binding to the two 
phases found here. 

In contrast to butanol, TEMPO, and DTBN, 
the concentration of TEMPONE was less in the 
L, phase than in the interdigitated phase. TEM- 
PONE is more polar than TEMPO and would 
preferentially locate in the aqueous phase or in a 
more polar environment in the bilayer if sufficient 
space were available for it. The double chain 
interdigitated L,I phase, with more space avail- 
able between the lipid polar head groups at the 
apolar/polar interface than the other phases, can 
accommodate TEMPONE better than the L, 
phase despite the greater fluidity of the latter. 

At low temperatures below the premelt transi- 
tion of DPPC, the polarity of the environment of 
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these probes in interdigitated bilayers of DPPC/ 
ethanol is similar to that of non-interdigitated gel 
phase bilayers suggesting that they are located in 
the same region of the bilayer when interdigita- 
tion is induced by ethanol as when it is not 
interdigitated. This is probably close to the apo- 
lar/polar interface region over the terminal methyl 
groups of interdigitated lipid molecules from the 
opposite side of the bilayer (Fig. 6). 

At higher temperatures, the probes are located 
in a more apolar environment in both non-inter- 
digitated and interdigitated gel phase bilayers. It 
is important to note, however, that they are in a 
more polar environment in the interdigitated bi- 
layers in all cases at 34°C than in the non-inter- 
digitated bilayer. Thus, the location of the probes 
in interdigitated bilayers remains more constant 
with temperature up to the gel to liquid crystalline 
phase transition temperature, than in non-inter- 
digitated bilayers where a transition to the P, 
phase occurs. The presence of the interdigitated 
acyl chains from lipid on the other side of the 
bilayer may inhibit the movement of the probes to 
sites deeper within the bilayer. Furthermore, they 
prefer an amphipathic location if sufficient space 
is available for them. The greater broadening of 
the spectra of membrane-bound TEMPO and 
DTBN by NiSO, at 34°C in the L,I phases 
compared to the P;, phases indicates greater acces- 
sibility of Ni?* to these probes in the former than 
in the latter. This is also consistent with a location 
close to the interfacial region in the L,I phase. 
The only exception was the L,I phase of the 
DPPG/PMX complex. In this case, the presence 
of PMX may restrict accessibility of Ni?* to 
TEMPO. However, TEMPONE was broadened 
more than the other probes even in the P, and L, 
phases indicating that it may be located closer to 
the apolar/polar interface in these phases than the 
other probes consistent with its greater water 
solubility. 

In the triple chain mixed interdigitated gel 
phase bilayer of the asymmetric lipid 18:10-PC, 
however, TEMPO binding was no greater than to 
the non-interdigitated gel phase bilayers, suggest- 
ing that mixed interdigitated bilayers may not 
allow other substances to partition into them as 
readily as double chain interdigitated bilayers 
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formed of symmetric lipids. This is probably due 
to the smaller surface area per molecule for 
asymmetric lipids in the triple chain mixed inter- 
digitated bilayer (Fig. 6c) compared to symmet- 
ric lipids in the double chain interdigitated 
bilayer (Fig. 6b). In the former, the lipid 
molecules are separated from each other by only 
one acyl chain of a lipid molecule on the other 
side of the bilayer, while in the latter bilayer, 
lipid molecules are separated by two acyl chains. 

The increased partitioning of these small am- 
phipathic spin labels into interdigitated bilayers 
formed by symmetric lipids represents another 
way to detect these bilayers in addition to X-ray 
diffraction (Ranck and Tocanne, 1982), fatty 
acid spin labels (Boggs et al., 1981, 1989), and 
fluorescent probes (Nambi et al., 1988; Zeng and 
Chong, 1995). We have shown that a nitroxide 
group on the 16th carbon of stearic acid can be 
used to diagnose the structure of most interdigi- 
tated bilayers of symmetric and asymmetric 
lipids since it is more motionally restricted at 
low temperatures in interdigitated bilayers than 
in non-interdigitated bilayers. However, some in- 
terdigitated bilayers such as DHPC and DPPC/ 
ethanol are exceptions to this (Boggs et al., 
1989). Use of other spin labels indicated that 
these latter bilayers were more disordered than 
the others. Higher temperatures and phospho- 
lipid spin labels rather than fatty acid spin labels 
had to be used in order to clearly distinguish 
them from non-interdigitated bilayers (Boggs et 
al., 1989). However, the present study shows 
that TEMPO binds as significantly to DPPC/ 
ethanol and DHPC as to the other interdigitated 
bilayers indicating that it may be a more univer- 
sal spin probe for diagnosis of interdigitation 
than fatty acid spin labels. The similar behavior 
of TEMPO in bilayers of DPPG/MBP as in the 
interdigitated bilayers of DPPC/ethanol, DHPC, 
and DPPG/PMX, in contrast to its behavior in 
DPPG with polylysine, supports our earlier stud- 
ies using fatty acid spin labels, which indicated 
that MBP induced interdigitation of DPPG 
(Boggs et al., 1981; Boggs and Moscarello, 
1982). 
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Abstract 





Large unilamellar vesicles (120—160 nm) composed of egg phosphatidylcholine (egg PC) containing approximately 
22 wt% of polyunsaturated fatty acids (PUFA) and various mol% (0, 10, 22, or 45) of cholesterol were exposed to 
oxidative stress. The hydrophilic azo compound 2,2'-azobis-(2-amidinopropane)2HCI (AAPH) which was thermally 
decomposed to produce a constant flux of peroxy radicals was the source of the oxidative stress ( < 48 h incubation 
at 37°C). Cholesterol loss following the oxidation was up to 33%, while PUFA were more extensively damaged; loss 
was up to 52, 88, and 100% for C—18:2, C-—20:4, and C-—22:6, respectively. (ii) Oxidizability of cholesterol when 
quantified in absolute amount was three-fold higher when its level was 45 mol%. The interrelationship between bilayer 
structure, especially its lateral organization and free volume, and lipid peroxidation are discussed. Differential 
scanning calorimetry of oxidized multilamellar vesicles lacking cholesterol revealed that a high level of oxidative 
damage to egg phosphatidylcholine PUFA resulted in the loss of the gel to liquid-crystalline phase transition of egg 
PC (broad peak at around — 8°C). © 1997 Elsevier Science Ireland Ltd. 
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cholesterol. Three major stages in this process are 
recognized: initiation, propagation, and termina- 
tion. Similar processes occur in plasma and or- 
ganelle membranes’ surrounding cells and 
organelles, which contain polyunsaturated fatty 
acids (PUFA) and cholesterol [1,6]. 

Biological membranes are complex systems. 
They are composed of a large variety of lipids, 
proteins, glycocalyx (composed of glycolipids and 
glycoproteins), and cholesterol. Phospholipids, 
sphingolipids, and cholesterol are the main com- 
ponents of the membrane lipid bilayer. The ratio 
between them and the level of unsaturation deter- 
mine membrane physical state regarding lateral 
organization and dynamics. Membrane phase 
transition temperature between the gel phase 
(solid ordered, SO) and the liquid-crystal phase 
(liquid disordered, LD) depends on the exact 
composition of the acyl chains in the phospho- 
lipid bilayer. Cholesterol molecules in the bilayer 
induce the formation of a third phase, referred to 
as liquid ordered (LO) [4,9,14]. A cholesterol 
molecule interacts with two _ phospholipid 
molecules and prevents them from going through 
the gel to liquid-crystal phase transition; at 33 
mol% of cholesterol there is no apparent transi- 
tion, as all the phospholipids of the membrane are 
in the liquid ordered phase (LO). 

Physical state of the lipid bilayer has a major 
influence on many membrane functions, e.g. 
transport, signal transduction, membrane enzyme 
activities and receptor recognition [7,12]. 

Oxidative processes induce large alterations in 
membrane composition and physical state [12]. 
Loss of PUFA, cross-linking between oxidized 
lipids in the acyl chain regions and in the phos- 
pholipid headgroup, as well as interdigitation of 
oxidized phospholipids of the opposing monolay- 
ers in the lipid bilayer, lead to higher membrane 
rigidity, thereby decreasing the lateral diffusion 
and free volume within the bilayer [7,12]. How- 
ever, the exact details of the relationship between 
membrane oxidative damage and changes in 
chemical and physical properties of membranes 
containing cholesterol are not fully understood. In 
this paper we are trying to clarify some aspects of 
this gap. 





2. Materials and methods 
2.1. Liposome preparation 


Multilamellar vesicles (MLV) and large unil- 
amellar vesicles (LUV) were prepared from mix- 
tures of egg phosphatidylcholine (egg PC) and 
various mol% of cholesterol in 50 mM HEPES 
buffer pH 7.4. The lipids were dissolved in t-bu- 
tanol and lyophilized. The powder was then hy- 
drated with the buffer to form MLV and vortexed 
vigorously for 5 min. The MLV were downsized to 
LUV by extrusion through a 100 nm pore size poly- 
carbonate filter according to an already published 
procedure [2]. All of the liposome preparations 
were in the size range of 120—160 nm as evaluated 
by dynamic light-scattering measurements [2]. 


2.2. Phospholipid phosphorus determination 


Phospholipid phosphorus was determined as 
described elsewhere [3]. 


2.3. Acyl chain composition 


100 «1 LUV (19 mM phospholipids) before and 
after exposure to oxidative stress was diluted with 
900 «1 water. The lipids were extracted from the 
aqueous phase by adding | ml ethanol and | ml 
chloroform (containing | mg/ml BHT) and vor- 
texing for | min. Two phases were formed, and 
the organic phase was collected and dried by a 
stream of nitrogen, followed by 2 h of lyophiliza- 
tion to remove all traces of water. The dry lipids 
were dissolved in 50 yl toluene, 10 “1! methanol 
and 20 ul Meth-Prep II methanol esterification 
reagent (Alltech). The mixture of lipids was ana- 
lyzed by gas chromatography using a Perkin 
Elmer 1020 plus GC, with a Silar 10C chromato- 
graphic column (Alltech) using a temperature gra- 
dient of 5°C/min from 140 to 240°C [2]. 


2.4. Cholesterol determination 


100 ul LUV containing cholesterol before and 
after oxidative stress were extracted by chloro- 
form containing (1 mg/ml BHT):methanol:HCl 
0.1N (1:1:1 by vol). Two phases were formed. The 
chloroformic lower phase was separated, and 20 
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Table | 
Residual PUFA (in wt) after exposure to AAPH 

















Time (h) Cholesterol concentration (mol%) 














10 






45 








20:4 22:6 18:2 20:4 
0 100 100 100 100 100 

24 87 80 58 82 36 

26 25 48 12 

















20:4 22:6 18:2 20:4 22:6 

100 100 100 100 100 100 
82 56 47 82 58 5] 
64 28 36 67 32 27 

















phospholipid and 0, 10, 22, and 45 mol% of cholesterol. 





ul of the samples was injected directly into the 
HPLC. Detection was performed at 212 nm, mo- 
bile phase-heptane:isopropanol 500:6 (v/v), flow-2 
ml/min, column-normal phase Econosphere silica 
column (Alltech) 100x4.6 mm, 3 yum. [2]. 
Cholesterol was eluted after 6 min. 


2.5. Oxidative stress by 2,2'-azobis 
(2-amidinopropane) 2 HCL (AAPH) 


SUV (19 mM phospholipids) containing differ- 
ent cholesterol concentrations were incubated 
with 20 mM AAPH (a hydrophilic thermal-depen- 
dent peroxyl radical generator) at 37°C for up to 
48 h ([6]). 


2.6. DSC measurements of MLV 


MLV were prepared as previously described, 
with a phospholipid concentration of 100 mM. 
Liposomes were exposed to oxidative stress in- 
duced by 20 mM AAPH for a 1 week period at 
37°C. As a control, an aliquot of the same lipo- 
some preparation was kept under nitrogen and at 
4°C. Following the oxidation, the liposome prepa- 
rations were concentrated by centrifugation and 
weighed. To the concentrated liposomes, 
ethyleneglycol was added to a final concentration 
of 40 wt% in order to prevent freezing. The 
mixtures were allowed to reach equilibrium (1 h 
incubation). The thermotrophic behavior of the 
oxidized and the control liposomes was studied by 
Heat Flow DSC using a Mettler Thermal Ana- 
lyzer model 4000. Scanning was conducted from 
— 20 to 60°C at the rate of 2°C per min. 


PUFA remaining in wt% after incubation of LUV with 20 mM AAPH as measured by GC. 


Results represent the average of two separate oxidation experiments (differing between at most by 3%). 


Liposomes contained 19 mM 





2.7. Statistical analysis 


The oxidation rates of the different liposome 
preparations were analyzed according to the 
Kruskal-Wallis one way analysis of variances on 
ranks, and pairwise multiple comparison proce- 
dures (Dunns method), using the Sigmastat statis- 
tics program. The control was liposomes without 
cholesterol. 





3. Results 


3.1. Effect of oxidation on phospholipid acyl 
chain composition of liposomes 


Oxidative degradation of PUFA in liposomes 
containing various concentrations of cholesterol 
was determined by GC after 0, 24, and 48 h 
incubation with AAPH. Three PUFA were fol- 
lowed: linoleic, arachidonic, and decosahex- 
aenoic (18:2, 20:4, and 22:6, respectively), and 
their loss was normalized to the internal stan- 
dard of the saturated palmitic 16:0 acyl chain, 
which was not affected by the oxidation process. 
Extensive loss was recorded in all liposome 
preparations. The results are summarized in 
Table 1 and Table 2. Maximum oxidative dam- 
age was recorded at 10 mol% of cholesterol 
(which was statistically significantly differerent 
from the other compositions). We found no 
statistical difference in the loss of acyl chains 
between all of the other preparations, irrespec- 
tive of their cholesterol content. 
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Table 2 
Damaged phospholipids (in mol’) after exposure to AAPH 











Time (h) Cholesterol concentration(mol”) 
0 10 22 45 
0 0 0 0 0 
24 9.6 15.2 9.6 9.2 
48 17.2 24.4 16.8 16.0 





Since most phospholipids contain only one PUFA, the maxi- 
mum amount of oxidizable phospholipids was estimated as 40 
mol% (44 wt). 


3.2. Effect of AAPH on cholesterol oxidation in 
liposomes 


Oxidative degradation of cholesterol in LUV of 


various cholesterol mol% was measured by HPLC 
following 0, 24, and 48 h incubation with 20 mM 
AAPH. Results are summarized in Table 3. Max- 
imum oxidative damage to cholesterol as a percent 
of the control occurred in LUV with 10 mol% chol- 
esterol. However in absolute values the most exten- 
sive damage to cholesterol was in the order: 45 
mol™% cholesterol > 10 mol% = 22 mol% (Table 4). 


3.3. Differential scanning calorimetry of oxidized 
liposomes 


MLV composed of egg PC (without cholesterol) 
were exposed, or not exposed, to oxidative damage 
by AAPH and analyzed by heat flow DSC. The 
results demonstrated that the gel-to-liquid-crys- 
talline phase transition of egg PC, for which 7,,, at 
— 8°C (a broad transition) (Fig. 1, lower ther- 
mogram) was abolished following extensive and 
almost complete oxidation of PUFA (20 mM 


Table 3 
Residual cholesterol (in mol’% after expoosure to AAPH) 


Time(h) Cholesterol concentration (mol%) 


10 22 45 

0 100 100 100 
24 65 86 83 
48 63 82 79 


Results represent the average of two experiments (differing at 
most by 5%). 


Table 4 
Amount (jumol) of oxidized cholesterol 











Time(h) Cholesterol cone (mol) 
10 22 45 
0) 0) 0) 0) 
24 0.73 umol 0.66 wmol 2.64 wmol 
48 0.77 umol 0.85 u~mol 3.2 wmol 





AAPH for | week at 37°C) (Fig. 1, upper ther- 
mogram). 


4. Discussion 


Cholesterol is one of the main modulators of 
physical properties of membranes. Phase structure 
of membranes containing cholesterol can be 
classified into three states: liquid disordered (LD), 
which occurs at low cholesterol levels and at 
temperatures well above matrix main lipid gel-to- 
liquid-crystal phase transition temperature (7,,,); 
liquid ordered (LO), which occurs at high choles- 
terol mol% (above 20 mol%); and solid ordered 
(SO), which occurs at temperatures below matrix 
lipid 7, and at low cholesterol levels (below 20 
mol%). Phase separation and coexistence between 
the three phases depend on the exact membrane 
composition and temperature. Most membrane 
physical properties are affected by its phase struc- 
ture ([(4,9,14]). 

The oxidation rates of the PUFA in the lipid 
bilayers were hardly affected by the elevation of 
cholesterol concentration. Only at 10 mol% of 
cholesterol, a faster oxidation was observed (Table 
1). The faster oxidation at 10 mol% could be 
attributed to the coexistence of LD and LO phases. 
This phase separation may be selective due to the 
preferential interaction of cholesterol with satu- 
rated and monosaturated egg PC acyl chains (Bit- 
terswijk et al., 1987; Mitchell and Litman, 1996). 
This selectivity may result in the LO phase rich in 
the 1-palmitoyl 2-oleyl PC and cholesterol and LD 
domains poor in cholesterol and enriched with PCs 
having polyunsaturated acyl chains at position 2. 
It is possible that this organization leaves the 
polyunsaturated PC unprotected. However, recent 
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Fig. 1. Differential scanning calorimerty of multiajmellar vesicles egg PC (MLV) (lower thermogram) and of exidized egg PC (MLV) 


(upper thermogram). The heat flow profile showed a broad phase transistion at — 8°C, which was completely lost following the 


oxidative modification. 


observations suggest that cholesterol interaction 
with the polyunsaturated acyl chains of PC is much 
weaker than with saturated or mono unsaturated 
acyl chains (Mitchell and Litman, 1996). This 
supports the phase-separation-induced facilitation 
of AAPH, peroxyl and other radicals penetration 
and movement as the main cause of enhanced 
oxidative damage. Such increased penetration and 
motion in cholesterol-induced LO/LD phase sepa- 
ration is discussed in detail by Damman et al. 
(1996). This explanation is also supported by the 
finding of Sankaram and Thompson (1992) show- 
ing that in a membrane poor in cholesterol the 
cholesterol molecules are located in large ‘pores’ 
which interdigitate both monolayers of the bilayer, 
partially phase separated from 40 mole % of the egg 
PC which contain PUFA (at position 2). Although 
only 40% of PC molecules have polyunsaturated 
acyl chains, their complete oxidation seems to alter 
the bilayer thermotropic behavior and completely 
abolishes the phase transition. A greater degree of 













interdigitation and/or some degree of covalent 
cross-linking between oxidized acyl chains in the 
bilayer caused changes in the lateral organization 
of the bilayer, leading to the loss of the phase 
transition. 

The new observations described here should lead 
to further studies aiming to clarify the contribution 
of lipid peroxidation induced interdigitation and/or 
cross-linkage, and of cholesterol oxidised products 
to the organization and dynamics of the membrane, 
while in membranes rich in cholesterol the choles- 
terol molecules are distributed in both monolayers 
between the phospholipids in a tight pack almost 
without any free volume. Straume and Litman [13] 
using time resolved fluorescence anisotropy of 
DPH investigated the influence of cholesterol on 
membranes that contain unsaturated phospho- 
lipids. Their findings showed that increasing choles- 
terol mol% modulates the effect of temperature and 
degree of saturation on the bilayer order and free 
volume. In addition they found that as cholesterol 




















concentration increases above 15 mol™% there is a 
decrease in the water penetration into the bilayer, 
probably due to the formation of a tighter pack. 
Faster oxidation induced by cholesterol was also 
described by McLean and Hagaman in metal-in- 
duced oxidation of lipid bilayers [8]. 

Oxidation of cholesterol was identical at 10 and 
22 mol™% cholesterol. At 45 mol% cholesterol, the 
absolute extent of cholesterol oxidation was three- 
fold higher than at the two lower mol cholesterol 
(Table 4). A similar phenomenon was described 
previously for enzymatic cholesterol oxidation by 
cholesterol oxidase [10]. It was explained by lateral 
organization of cholesterol in the bilayer plane. The 
oxidant we used (AAPH) is a water soluble com- 
pound which oxidized initially the outer layer of the 
bilayer. This layer maintains a maximum mol ratio 
of cholesterol:phospholipid of 1:2, while the inner 
layer has a higher ratio of cholesterol up to 42 
mol% [12]. Above this mol” lateral separation of 
cholesterol occurs and domains of cholesterol not 
shielded by the phospholipids head groups, appear. 
These domains are more accessible to oxidation by 
AAPH. 

The DSC results of oxidized MLV (complete 
oxidation of the polyunsaturated acyl chains) indi- 
cated that the cooperative phase transition of the 
phospholipids in the lipid bilayer was lost due to 
oxidation. The low phase transition temperature, 
— 8°C, of egg PC in MLV probably results from 
the large mol% ( ~ 60%) of 1-palmitoyl-2-oleyl PC 
which is at least partially phase separated from 40 
mol% of the egg PC which contain PUFA (at 
position 2). Although only 40% of PC molecules 
have polyunsaturated acyl chains, their complete 
oxidation seems to alter the bilayer thermotropic 
behavior and completely abolishes the phase tran- 
sition. A greater degree of interdigitation and/or 
some degree of covalent cross-linking between 
oxidized acyl chains in the bilayer causes large 
changes in the lateral organization of the bilayer, 
leading to the loss of the phase transition. 

The new observations described here should lead 
to further studies aiming to clarify the contribution 
of lipid peroxidation induced interdigitation and/or 
cross-linkage, and of cholesterol oxidized products 
to the organization and dynamics of the membrane. 
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Abstract 


Liposomes containing the natural cationic amphiphile, sphingosine and some of its derivatives were used for 
transfection of DNA in vitro. Multilamellar liposomes comprised of dioleoylphosphatidylethanolamine (DOPE), 
different sphingosine derivatives, and diacylglycerols with varying fatty acid chains, preincubated with DNA, 
transfected efficiently the KK-1 murine granulosa cells. Most efficient transfection on this cell line was achieved with 
liposomes composed of phytosphingosine, DOPE, and dioctanoylglycerol (DC,G) (64:31:4.8, molar stoichiometry), 
which gave expression of the transfected gene 2—10-fold higher than the commercial reagent Lipofectin”. At higher 
doses the new liposomes also caused markedly less cell death of KK-1 cells. On COS-7 cells these liposomes showed 
slightly, but significantly lower transfection, of approximately 70%, of that gained with Lipofectin®. The murine 
Sertoli cells, MSC-1, selectively resisted transfection by the sphingosine derivative based liposomes tested, giving only 
11—14% of the expression detected in Lipofectin® transfected cells of the same line. In conclusion, the novel liposomes 
formulated offer an effective, technically easy and economical method of transfection for a variety of cultured cell 
lines. © 1997 Elsevier Science Ireland Ltd. 


Keywords: Transfection; Cationic liposomes; Sphingosine; Diacylglycerol 





1. Introduction [1,6,10,17,23,25]. Also liposome-based in vivo 
transfection systems have been developed recently 

Cationic liposomes are widely used for deliver- [27—29,37,42]. The transfection efficiency of the 
ing foreign DNA into mammalian cells in vitro currently available liposomes is rather low in vivo 
[43] and in some cell lines in vitro [18]. The 

toxicity of some of the commercially available 
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(2,3 -dioleyloxy)propyl]- N,N,N -trimethylammon - 
ium chloride (DOTMA) in Lipofectin®. In addi- 
tion, their high cost is somewhat restrictive to 
their use. 

Sphingosine and some of its derivatives are 
cationic lipids (Fig. 1) which occur naturally in 
mammalian and non-mammalian cells 
[11,15,26,44]. Accordingly, cells should be able to 
control their levels using the normal metabolic 
routes for these lipids. Sphingosine-containing 
liposomes complex strongly with DNA [21,22]. 
Sphingosine also inhibits protein kinase C (PKC) 
[2] [16]. To this end, inhibition of PKC has been 
proposed to be a critical factor determining the 
transfection efficiency and toxicity of cationic 
liposomes [35]. 

In addition to the synthetic cationic lipids re- 
quired for the attachment of the liposomes to 
DNA, DOPE has been included in the liposomal 
formulations as it has been found to enhance 
transfection efficiency (for a review, see [45]). In 
contrast to most of the other lipids abundant in 
biomembranes and forming lamellar bilayers, 
DOPE as such adopts the so-called inverted 
hexagonal H,, arrangement and in general pro- 
motes the formation of this phase [4,34,39,40]. 
Diacylglycerol (DAG) is another well known pro- 
moter of H,, formation [3,5,7,8]. Lipids forming 
or promoting the formation of H,, as well as other 
inverted non-lamellar phases also enhance mem- 
brane fusion [20]. The tendency for the H,, ar- 
rangement derives from an inbalance in the 
relative cross-sectional effective areas of the lipid 
headgroups and its hydrophobic part, which fur- 
ther results in negative spontaneous curvatures for 
membranes containing this type of lipids [38]. In 
this study we wanted to examine, in addition to 
using sphingosine and its derivatives as natural 
cationic lipids for potentially reduced toxicity, 
whether the combined presence of DOPE and 
DAG results in increased transfection efficiency. 


2. Materials and methods 
2.1. Cell lines and media 


The cell line KK-1 is derived from transgenic 









murine ovarian tumour cells immortalized by ex- 
pression of the simian virus 40 large and small 
tumor (7) antigens under the control of the 
murine inhibin-x subunit promoter [19]. HeLa 
cells are derived from human uterine cervix car- 
cinoma. COS-7 and MSC-1 cell lines are deriva- 
tives of the simian kidney cell line CV-1 
transformed with a mutant of simian virus 40 [12] 
and transgenic mice carrying a fusion gene com- 
posed of the human anti-Millerian hormone 
(AMH) transcriptional regulatory sequences 
linked to the simian virus 40 7-antigen [31], re- 
spectively. The cells were grown on plastic tissue 
culture plates in Dulbecco’s modified Eagle’s 
medium with 10% fetal bovine serum (DMEM- 
10) in an incubator in an atmosphere of 5% CO, 
in air at 37°C. 


2.2. Liposomes 


Phorbol myristoyl acetate (PMA), dioctanoyl- 
glycerol, dioleylglycerol, phytosphingosine, sphin- 
gosine and sphingosyl phosphoryl choline were 
purchased from Sigma (St. Louis, MO). DOPE 
was obtained from Avanti Polar Lipids, (Ala- 
baster, Ala). Multilamellar liposomes were pre- 
pared as described earlier ({21]). Briefly, DOPE 
and the different sphingosine derivatives (Fig. 1) 
were mixed in a 33:67 molar stoichiometry in 


OH 
ADD.NWAWAAAY 
NH; 
OH 
AANA 8 
OH NHs 
oH Cg , 
NH; O 


Fig. 1. Chemical structures of the different sphingosine deriva- 
tives used, sphingosine (top), phytosphingosine (middle), and 
sphingosyl phosphoryl choline (bottom). 
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chloroform, and the indicated amounts of dio- 
leylglycerol (DOG) or _— dioctanoylglycerol 
(DC,G) in chloroform were added to obtain the 
desired compositions. The mixtures were evapo- 
rated to dryness under a stream of nitrogen and 
the residual solvent was removed under vacuum 
overnight. The dry lipid mixture was hydrated 
for 30 min with 20 mmol/l Hepes buffer, con- 
taining 150 mmol/l NaCl and 0.1 mmol/l EDTA 
(pH 7.4) at 40°C in a water bath, and vortexed 
briefly every 5 min. At the end of hydration the 
liposomes were irradiated at 40°C in a bath-type 
sonicator (Branson, Danbury, CT) for 5 min. 
The total lipid concentration of the liposomes 
was 100 mg/l buffer. Lipofectin” (Gibco BRL, 
Gaithersburg, MD) was used as the reference 
liposome according to instructions of the manu- 
facturer. 


2.3. DNA 


The pCMV-luciferase construct used in the ex- 
periments was designed to carry the promoter 
area of the cytomegalo virus (CMV) in front of 
the firefly luciferase coding sequence in an ex- 
pression vector pUHC13-1 [13]. The DNA 
preparation was purified twice with CsCl gradi- 
ent centrifugation and dissolved in sterile water 
for the transfections. The identity of the CMV- 
luciferase construct was verified using specific re- 
striction endonuclease digestions. 


2.4. Preparation of DNA-lipid complexes 


One wg of DNA and 10 yg of total lipid were 
each diluted into 100 ul of serum-free DMEM 
(DMEM-SF) and then mixed, followed by an 
incubation for 15 min at 23°C. Thereafter, the 
total volume of the mixture was adjusted to | 
ml with DMEM-SF. 


2.5. Lipofection 


At least 80% confluent six-well cell culture 
plates were washed with DMEM-SF and the 
DNA-lipid complexes were laid over the cells. 
After a 10-h incubation period, the DNA~—lipid 


mixture was replaced by 2 ml of DMEM-10. 
Three days after the beginning of transfection, 
the cells were harvested by scraping off the cul- 
ture plates. The cell extracts were prepared and 
a luminometric assay for luciferase activity was 
performed as described in details elsewhere 
[14,30]. In brief, 50 ul of the total 100 yl of the 
cell extracts were mixed with 360 ul of assay 
buffer by short vortexing in a disposable cuvette. 
The cuvettes were therafter placed in a Bio-Orbit 
Luminometer 1251 (Bio-Orbit, Turku, Finland) 
and the luminescence was measured after adding 
200 ul of luciferin solution (200 ~mol/! luciferin 
in 25 mmol/l glycylglycine, pH 7.8). If the luci- 
ferase activity of a sample exceeded the measur- 
ing range, a lower amount (10 or 20 wl) of the 
cell extract was used. 


2.6. PKC stimulation 


PMA at a level of 1 mol% of total lipid was 
added to the liposome solutions. The transfec- 
tion and expression analyses were performed as 
described above. 


2.7. Statistical analysis 


One-way analysis of variance, followed by 
Duncan’s new multiple range test, was _per- 
formed. When non-Gaussian by distribution, the 
data were subjected to logarithmic transforma- 
tion before statistical evaluation. A P-value less 
than 0.05 was chosen as the limit of statistical 
significance. 


3. Results 


One vg of DNA mixed with 10 wg of the lipid 
was tested to be the optimal amount of Lipo- 
fectin® for KK-1 cells, 2 wg of DNA with 10 vg 
of the lipid for HeLa cells and 1 wg of DNA with 
20 wg of the lipid and 0.5 wg of DNA with 10 wg 
of the lipid for COS-7 and MSC-1 cells, respec- 
tively (data not shown). To compare the transfec- 
tion efficiency, we chose the same concentrations 
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Fig. 2. Effect of the different liposomal lipid combinations on 
transfection efficiency of pCMV-luci in KK-1 cells. KK-1 cells 
were transfected with 10 wg lipid and | ~g CMV-luci plasmid. 
After harvest the luciferase activities of the cell lysates were 
measured. Buff=cells not transfected; 0 =cells transfected 
with 1 «g DNA only, with no liposomes; sph-PC = sphingo- 
sylphosphorylcholine; sph = sphingosine; phsph = phytosphin- 
gosine. DOPE and sphingosine derivatives were mixed 1:1 
(wt:wt) and 10 mol’ DOG were added when indicated. The 
data presented as mean + S.E.M. of three replicate cultures. 
One of three similar experiments is presented. ** P < 0.01 vs. 
Lipofectin® (Lipof). 


for the sphingosine derivative-based liposomes. 
The DNA-lipid complexes formed rapidly after 
mixing and displayed stable transfectability at 
least for 1 h at the concentration used (data not 
shown). 

The phytosphingosine and sphingosine contain- 
ing liposomes gave good transfection efficiency in 
KK-1 cells, comparable to or exceeding that of 
Lipofectin”. Without DOPE the sphingosine 
derivatives showed very little transfection activity 
(Fig. 2). In COS-7 cells the sphingosine liposomes 
had slightly lower transfection efficiency than 
Lipofectin® (Fig. 3). MSC-1 cells showed selective 
resistance to DNA transfer with sphingosine 
derivatives. They gave only 11—14% of the activ- 





ity with Lipofectin” transfection when transfected 
with the novel formulae (Fig. 3). 

After the incubation of KK-1 cells with lipo- 
somes for 16 h or longer, the cells transfected with 
Lipofectin® had almost all died, whereas the sph- 
ingosine liposomes caused no marked cell death 
by that time. The other cell lines tolerated the 
novel compounds well and also Lipofectin™ better 
than KK-1 cells. They showed only minor damage 
after incubation periods longer than 10 h. 

Combining of the diacylglycerols with the sph- 
ingosine liposomes affected the transient luci- 
ferase expression in a biphasic dose-dependent 
manner in KK-1 cells. Dioleylglycerol doubled the 
transfection at the optimum of 5 mol%, dioc- 
tanoylglycerol being most effective with an opti- 
mum at approx. 5-10 mol% (Fig. 4). 
Concentrations higher than optimum caused 
lower expression. 
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Fig. 3. Transfection efficiency of DOPE-phytosphingosine 
liposomes supplemented with 5 mol% of dioctanoylglycerol 
(DC,G) or dioleylglycerol (DOG) and tested on KK-1, COS-7 
and MSC-1 cells. 10 wg of lipid with | wg (KK-1 cells) or 0.5 
ug (MSC-1 cells) of DNA or 20 yg of lipid with 1 wg of DNA 
(COS-7 cells) was used in transfection. The data are presented 
as mean+S.E.M. of three replicate cultures. One of two 
similar experiments is presented. The expression was compared 
with that in the cells transfected with Lipofectin® (Lipof). 
* P<0.05, and ** P<0.01 vs. Lipofectin® in the same cell 
line. RLU = relative luciferase unit. 
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Fig. 4. The effect of varying contents of DOG or DC,G (in 
mol%) in DOPE-phytosphingosine liposomes on transfection 
efficiency. 10 wg of total lipid and | wg of DNA were used to 
transfect KK-1 cells. The data are presented as mean + S.E.M. 
of three replicate cultures. One of two similar experiments is 
presented. * P< 0.05, and ** P<0.01 vs. DOPE-phytosphin- 
gosine liposomes with no DOG or DC,G. B = cells not trans- 
fected. 


In wells stimulated by PMA (1 mol% of liposo- 
mal lipids) the expression of luciferase in KK-] 
cells was only 22.4% of that in those not stimu- 
lated (P < 0.01), when lipofected with phytosphin- 
gosine/DOPE/DC,G (64:31:4.8 mol%) containing 
liposomes. Despite PMA, the conditions were as 


described above in Section 2 for the other lipofec- 
tions. 


4. Discussion 


Our aim was to study the feasibility of sphin- 
gosine derivative containing liposomes for DNA 
transfer into mammalian cells. We also wanted to 
examine effects of DOPE and DAG, when com- 
bined in these liposomes. For this purpose we 
constructed liposomes comprised of DOG, phy- 
tosphingosine and DOPE. Notably, these lipo- 
somes clearly exceed the transfection efficiency of 
Lipofectin” in an immortalized murine granulosa 
cell line (KK-1). In addition, the toxicity of the 
novel liposomes was lower than that of Lipo- 
fectin® for these cells. In the COS-7 cell line these 
novel liposomes gave an essentially similar level of 
expression as Lipofectin” at a dose optimized for 
the latter. Only MSC-1 cells showed resistance to 
lipofection specific for sphingosine liposomes 
when compared to the commercial reference lipo- 


somes. Taken together, the fact that the lipid 
components are commercially available at a rea- 
sonable cost, makes the use of the liposomes 
practical in many transfection applications, where 
large amounts of the reagents are needed, e.g. in 
VIVO. 

Positively charged cationic liposomes complex 
effectively with negatively charged DNA [9,35]. 
These complexes have a net positive charge and 
can interact with the negatively charged cell mem- 
brane and be endocytosed by cells [9,24]. The 
hydrophilic, cationic headgroup of sphingosine 
binds tightly to DNA [21]. Interestingly, the 
affinity of phytosphingosine for DNA is slightly 
higher than that of sphingosine, whereas a re- 
duced affinity of sphingosylphosphorylcholine 
containing liposomes to DNA was evident [22]. 
Compared to sphingosine, the extra hydroxyl 
group makes the polar head of phytosphingosine 
more hydrophilic, which may result in the loca- 
tion of the amino group in a less apolar environ- 
ment, thus suppressing deprotonation and 
sterically facilitating the interaction with DNA 
[22]. The observed DNA affinities of the lipo- 
somes containing different sphingosine derivatives 
seem to correlate with their transfection efficiency. 

DOPE is a commonly used ‘helper’ lipid in 
liposomal transfection compounds. It fuses spon- 
taneously with other lipid bilayers at low pH and 
may facilitate the efficient liberation of DNA 
from endocytic vesicles to cytoplasm [36,41,45]. 
Some cationic lipids, e.g. dioleyltrismethylammo- 
nium (DOTMA), can mediate DNA transfer 
themselves, without a helper lipid [9]. On the 
contrary, the tested cationic sphingolipids needed 
DOPE to transfect efficiently (Fig. 2). 

Diacylglycerols affected the transfection effi- 
ciency in a dose-dependent manner, the optimum 
content being approximately 5 mol%. The phase 
transition temperature adjusted by diacylglycerols 
probably partly determines the structure and sta- 
bility of the liposomes and their interaction with 
other lipid membranes. Liposomal transfection 
uses mainly the endosomal pathway [24]. The 
multiple steps should all be optimized to achieve 
maximal transfection efficiency. Addition of more 
than one or two components to a liposome, to 
maximize its DNA transfer, seems necessary. 
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The PKC activators can affect the transfection 
efficiency by the calcium phosphate method de- 
pending on the cell line transfected [32,33]. In our 
hands, adding PMA to the liposome solution 
lowered the expression of the luciferase gene in 
KK-1 cells, indicating a role for PKC activity in 
modulating liposomal gene transfer pathway. 

The toxicity of the sphingosine derivative con- 
taining liposomes on KK-1 cells was apparently 
lower than that of Lipofectin”. The non- 
biodegradable DOTMA in Lipofectin® may ac- 
count for the difference [35]. Especially sensitive 
cell lines could more easily be handled with less 
toxic liposomes. Some special cellular functions 
may also be disturbed in dying cells, e.g. promoter 
function experiments might be aberrated due to 
toxic effects. 

For practical applications the availability, at 
low cost, of the liposomal components is highly 
desirable. Liposomes are easily and quickly pre- 
pared. Hence, the sphingosine derivative based 
liposomes characterized in the present study 
provide an efficient, low toxicity and moderate 
cost alternative for transient DNA transfection of 
cells in vitro. They may also be of use in transfec- 
tion of other materials, stable transfections as well 
as in in vivo applications. 
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Abstract 


Recent studies have shown that phosphono analogs of cytidine-5’-diphosphate diacylglycerol (CDP-DAG) possess- 
ing a structurally modified lipid moiety exhibit antiproliferative activity in vitro. As an extension of our previous work 
we tried to elucidate whether the presence of the cytidine component is necessary for cytostatic activity. In this 
context we have synthesized similarly structured nucleoside-phospholipid conjugates containing nucleoside compo- 
nents other than cytidine, which also do not exhibit cytostatic properties as such. The compounds include 
5’-alkyldiphosphates and 5’-alkylphosphonophosphates of 2’-deoxycytidine, thymidine and adenosine with different 
alkyl chain length as well as selected 3-hexadecyl-2-chloro-2-deoxyglycero-(1)-diphosphates and -phosphonophos- 
phates of these nucleosides. The chemical structures of the newly synthesized nucleoside-phospholipid conjugates were 
confirmed by fast atom bombardment (FAB) and electrospray ionization (ESI) mass spectrometry. It was found that 
these compounds also inhibit the cell growth of different human cell lines, i.e. the presence of the cytidine component 
is not a necessary prerequisite for the antiproliferative activity of these nucleoside-phospholipid conjugates. © 1997 
Elsevier Science Ireland Ltd. 
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1. Introduction 


Analogs of the naturally occurring cytidine 
diphosphate diacylglycerol (CDP-DAG) possess- 
ing a cytostatically active nucleoside as molecular 
component, e.g. ara-5’-cytidinediphosphate-alky- 
I(acyl)glycerols and -thioglycerols (Hong et al., 
1986; Berdel et al., 1988; Hong et al., 1995), 
function as prodrugs of the nucleoside. The pres- 
ence of the lipid moiety protect the parent nu- 
cleoside from rapid inactivation by enzymes. In 
addition, the nucleoside-phospholipid conjugates 
are more efficiently incorporated into cells and 
can be metabolized as CDP-DAG itself, resulting 
in the intracellular release of the nucleoside 
monophosphate (the precursor of the effective 
nucleoside triphosphate), bypassing possible defi- 
ciencies in nucleoside kinase activities of the 
target cells. This concept of intracellular conver- 
sion of nucleoside-phospholipid conjugates into 
the nucleoside monophosphates and triphosphates 
has also been used in the case of virostatically 
active 3’-deoxythymidine and 2’,3’-dideoxycytidine 
derivatives (Brachwitz and von Janta-Lipinski, 
1990; van Wijk et al., 1991a,b). 

Previous work led to the first report from our 
laboratory that some types of alkyldeoxyglycero 
analogs of CDP-DAG exhibit potent antitumor 
activity in vitro though lacking a cytostatically 
active nucleoside component (Brachwitz et al., 
1990b,c; Langen et al., 1992). 

Further structure-activity studies have shown 
that CDP-DAG analogs such as 5’-cytidine- 
alkyldiphosphates possessing only a long chain 
alkyl group instead of the alkyldeoxyglycero 
residue as molecular component also show an- 
tiproliferative activity against various tumor cells 
in vitro, indicating that the presence of the glyc- 
erodeoxy moiety is not a necessary prerequisite 
for cytotoxicity (Brachwitz et al., 1990c; Langen 
et al., 1992) Furthermore, the structurally related 
5’-cytidine-alkylphosphonophosphates bearing a 
nonhydrolysable C-P-bond, resistant to hydrolytic 
cleavage by phospholipase C exhibited an im- 
proved antitumoral efficacy in vitro (Brachwitz et 
al., 1996). The mechanism of action of these 
CDP-DAG analogs is not clearly understood, but 
it appears to be completely different from that of 
convential antitumor drugs based on nucleosides 


interfering with DNA synthesis. Apparently, the 
antiproliferative effects of these compounds are 
mainly attributed to the lipid component or their 
metabolites rather than to the nucleoside. 

As an extension of our previous work we tried 
to elucidate whether the presence of the cytidine 
component is necessary for cytostatic activity. 

In this context we synthesized similarly struc- 
tured nucleoside-phospholipid conjugates contain- 
ing nucleoside components other than cytidine, 
which also do not exhibit cytostatic properties as 
such, and studied their antiproliferative properties 
against various cell lines in vitro. The new com- 
pounds studied include 5’-alkyl-diphosphates and 
5’-alkylphosphonophosphates of 2’-deoxycytidine, 
thymidine and adenosine with different alkyl 
chain length as well as selected 3-hexadecyl-2- 
chloro-2-deoxyglycero-(1) diphosphates and phos- 
phonophosphates of these nucleosides. In Fig. | 
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Fig. 1. Chemical structure of the newly synthesized deoxycy- 
tidine-(1), thymidine-(2) and adenosine-(3) phospholipid 


derivatives and the cytidine-phospholipid derivatives (4). 















the chemical structures of the newly synthesized 
nucleoside—phospholipid conjugates together with 
corresponding cytidine derivatives 4 are listed. It 
was found that nucleoside-phospholipid conju- 
gates of the type 1-3 also inhibit the cell growth 
of different human cell lines, i.e. the presence of 
the cytidine component is no necessary prerequi- 
site for antiproliferative activity. The compounds 
2d and 3d were found to show the highest cyto- 
static activity against a variety of tumor cell lines. 











2. Experimental 






2.1. Material and methods 





2.1.1. Materials 

The long chain alkylphosphates and the O- 
alkyldeoxyglycerophosphates were obtained by re- 
action of the respective alcohols with phosphorus 
oxychloride in hexane in the presence of triethy- 
lamine similar to the method previously described 
(Brachwitz et al., 1982). The alkylphosphonates 
and the O-alkyldeoxyglycerophosphonates were 
prepared by the Michaelis-Arbuzov reaction of 
alkylbromides with triethylphosphite via the di- 
ethyl alkylphosphonates and _ bis(trimethylsilyl) 
alkylphosphonates (Brachwitz et al., 1996). The 
5’-monophosphomorpholidates of deoxycytidine, 
thymidine and adenosine (4-morpholine-N,N’-di- 
cyclohexylcarboxamidinium salts) were obtained 
from Sigma. 










2.1.2. Cell cultures 

We used a human mammary tumor cell line 
(MATU) and a benzpyrene induced, immortal- 
ized, but nontumorigenic human breast epithelial 
cell line (H 184A,N,) which was obtained from 
Dr M. Stampfer (Livermore Lab., University of 
California, Berkeley). Cells were grown as de- 
scribed in (Bergmann et al., 1994). The H184,_.,, 
cells were obtained by transfection of the 
H184A,N, cells with v-erb B-DNA and cotrans- 
fection with neomycin-DNA. H184.,.., cells were 
transfected with neomycin-DNA only and serve 
as control (Junghahn et al., 1995). HL-60 promye- 
locytic leukemia cells (ATCC No 240) were rou- 
tinely cultivated as described in (Langen et al., 
1992). 
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2.1.3. Measurement of the antiproliferative 
activity 

Cell proliferation was determined using the 
XTT assay (Scudiero et al., 1988) (Cell Prolifera- 
tion Kit Il, Boehringer, Mannheim). 

H184 and MATU cells were seeded in 96 mi- 
crowell plates (5 x 10? cells/well) and were incu- 
bated for 48 h. The compounds were added, and 
the culture was continued further for 48 h. HL60 
cells (1 x 10* cells/well) were seeded in the mi- 
crowell plates and the compounds were added 
immediately. 48 h later the XTT assay was 
started. After incubation with the labeling mixture 
for 4 h at 37°C and 5% CO, the plates were 
measured in an ELISA reader with 450 nm and a 
reference wavelength with 600 nm. Decreasing of 
absorbance correlates with the inhibition of cell 
growth. The mean concentration of a compound 
required to cause 50% decrease in the absorbance 
in treated cells as compared with nontreated cells 
was calculated (ID <9). 


2.2. Analytical methods 


Analytical thin-layer chromatography (TLC) 
was carried out on Merck silica gel 60 F,,, plates 
using solvent system A: chloroform-methanol-wa- 
ter-acetic acid (50:30:4:8, v/v/v/v); solvent system 
B: n-propanol-NH, (25%)-water (66:10:20, v/v/v). 

Preparative thin-layer chromatography was car- 
ried out on Merck silica gel 60 F,;, preparative 
plates using solvent system A. 

Phosphorus containing compounds were visual- 
ized with Zinzade’s reagent modified according to 
Beiss (Kates, 1972). 

The column chromatography was performed 
with carboxymethylcellulose (Servacel CM _ 52, 
sodium form) using chloroform/methanol mix- 
tures with increasing polarity as eluent. 

The purification by HPLC was carried out on a 
semipreparative RP-18-silica gel column using 
methanol-water gradient with increasing polarity. 

The fast atom bombardment (FAB) mass spec- 
trometry and electrospray ionization (ESI) mass 
spectrometry was performed on a Finnigan MAT 
95 fitted with an ESI-II/APCI source. The instru- 
ment was operated in the negative mode. FAB: 
ionization source temperature 50°C, matrix glyc- 
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erol or ‘magic bullet’. Resolution: 1000 at 10% 
valley. Cs-gun parameter: 25 kV_ (working 
voltage), 4 mwA (emission current). ESI: com- 
pressed air was used as the nebulization gas. 
Ionization source temperature 40°C, capillary 
temperature 270°C, vaporizer temperature 470°C. 
Resolution (low): 1000 at 10% valley, resolution 
(high): 6500 at 10% valley. Water—methanol 
(5:95) was used as mobile phase. 


2.3. Chemical synthesis 


2.3.1. 2'-Deoxycytidine-5'-dodecyldiphosphate la 

A mixture of n-dodecylphosphate (288 mg, 1.1 
mmol) and  2’-deoxycytidine-5’-monophospho- 
morpholidate (833 mg, 1.24 mmol) was codistilled 
twice with dry toluene and dried in vacuo over 
P,O,; over night. Both compounds were dissolved 
in 40 ml of dry pyridine and stirred at room 
temperature under an anhydrous atmosphere for 
74 h. Then pyridine was evaporated to dryness. 
The residue was partitioned between 80 ml of 
CHCI,-MeOH-H,O (1.5:3:2.5, v/v/v) and the pH 
was adjusted to 3-4 with formic acid. The 
aqueous layer was extracted twice with CHCl,. 
The organic layers were combined and dried over 
Na,SO,. Then the pH was adjusted to 9 with 
methanolic NH, and the solution was evaporated 
to dryness. 

The crude product containing unreacted 
alkylphosphate was purified by column chro- 
matography on CM-cellulose (sodium form, 25 g). 
The elution was performed with CHCIl,—-MeOH 
mixtures with increasing polarity (95:5 up to 2:3, 
v/v) (Comfurius and Zwaal, 1977). Fractions con- 
taining the pure diphosphate were collected and 
evaporated to dryness. The residue was treated 
with acetone. The suspension was filtered to give 
207 mg of the pure compound la as colorless 
crystals. 


2.3.2. Compound 1b-—d, 2a—f, 3a—f 

The compounds were prepared as described for 
the synthesis of la starting from the correspond- 
ing nucleosidemonophosphomorpholidate and the 
alkylphosphate or -phosphonate. 

The compounds 2a—d were purified by prepara- 
tive TLC (see Section 2.2). 


Purification of the compounds 3a—c was carried 
out by HPLC on a semipreparative RP-18 
column. 

The analytical data of the new compounds are 
shown in Table 1. 


3. Results and discussion 


Previous experiments have shown that cy- 
tidine—phospholipid conjugates of type 4 exhibit 
antiproliferative properties in vitro though lacking 
a cytostatically active nucleoside component 
(Brachwitz et al., 1990b,c; Langen et al., 1992; 
Brachwitz et al., 1996). In order to elucidate the 
influence of the nucleoside component on the 
antitumoral efficacy in more detail we have syn- 
thesized the nucleoside-phospholipid conjugates 
1-3, possessing deoxycytidine, thymidine and 
adenosine as nucleoside components. Since the 
cytidine derivatives of type 4 with an alkyl chain 
of less than 12 C-atoms have been found to be 
practically ineffective, while the hexadecyl deriva- 
tives have proved to be the most effective ones, we 
have prepared the dodecyl- and hexadecylesters of 
the 5’-nucleosidediphosphates (la,e—3a,c) and of 
the phosphonophosphates (1b,d—3b,d) to compare 
them with the corresponding 5’-cytidine deriva- 
tives (4a—d). Moreover, we have synthesized some 
selected 5’-thymidine- and 5'-adenosine- 
alkyldeoxyglycerodiphosphates (2e, 3e) and -phos- 
phonophosphates (2f, 3f), the phospholipid 
moiety of which has been used as the decisive 
structural element in other cytostatically active 
phospholipids (Brachwitz et al., 1982; 1990a,b,c; 
Langen et al., 1992). 


3.1. Chemistry 


The new nucleoside-phospholipid conjugates 
were synthesized by condensation reaction of 5’- 
nucleoside monophosphomorpholidate with the 
alkylphosphates, alkylphosphonates and the cor- 
responding O-alkyldeoxyglycero derivatives, re- 
spectively, following the procedure described for 
the synthesis of cytidinediphosphate-diacylglyc- 
erol analogs (Moffatt and Khorana, 1961; Brach- 
witz et al., 1996). The reaction was performed by 
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Analytical data of the compounds |-—3 
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Com- Uy*® TLC 


pound 





R, (A)” 


Formula 


Elemental analysis calculated (found) 





Cc 


H 


N 





554 [M-H] 
538 [M-H] 
610 [M-H} 
594 [M-H} 
569 [M-H] 
575 [M-2H+ 
Na} 

647 [M-2H+ 
Na} 

609 [M-H] 
717 [M-H} 
723 [M-2H+ 
Na} 

594 [M-H] 
578 (i) [M-H} 
650 [M-H} 
634 (i) [M-H] 
742 (i) [M-H] 


726 [M-H} 


C,,Hy,N;Na,0,oP>. 40.23 (40.12) 
2H,O 
C,,Hy,N,Na,O0,P,.2 40.78 (40.15) 
H,O 
CsHysN3Na,0,oP>. 43.42 (43.01) 
2H,O 
C,sH<;N;OP,.3H 043.88 (44.48) 


C,,HygN,Na,0,,P>. 40.06 (40.15) 
2H,O 
C,,HygN,Na,0, oP, 41.77 (41.87) 


C.gHygN>Na,O,,P>. 43.10 (43.14) 
3H,O 

CogHagN2Na,O,oP>. 44.06 (42.90) 
3H,O 

C9H,CIN,Na,O, P 42.99 (42.72) 
».2H,O 
C.9H;CIN,Na,O, ,P 44.47 (44.41) 
».2H,O 

C55H43N,O,oP>.2H» 40.74 (40.85) 
O 

C,5HyN-OoP3.2H,0 42.31 (41.88) 


CgH53N Oj oP>.2H, 43.26 (43.00) 
O 

C.gH4sN<Na,O,P,.2 44.19 (43.45) 
H,O 

Cs oH ggCIN;Na,O, ,P 41.35 (41.11) 
2.3H,0 

CoH ggCIN;Na,O,P 43.10 (43.00) 
».2H,O 


6.41 (6.36) 
6.52 (6.71) 
7.14(6.85) 
8.63 (8.59) 
6.57 (6.00) 
6.96 (7.20) 
7.23 (6.48) 
7.68 (6.80) 
6.97 {6.70) 
7.08 (7.03) 
7.15 (7.31) 
7.10 (7.11) 
7.96 (7.66) 
6.85 (6.58) 
6.70 (6.48) 


6.73 (6.42) 


6.69 (6.44) 
6.79 (7.58) 
6.08 (5.64) 
10.24 (9.49) 
4.24 (3.69) 
8.86 (8.57) 
3.87 (3.42) 
3.95 (3.43) 
3.46 (3.41) 
3.66 (3.66) 
12.96 (13.37) 
11.22 (11.66) 
13.58 (13.12) 
9.91 (10.08) 
8.31 (8.10) 


8.67 (8.45) 





aj 
Ama x 


(nm), MeOH; ” Solvent system A: CHCI,-MeOH-H,0-AcOH 50:30:8:4; © Solvent system B: PrOH-H,O-NH, (25%) 66:20:10; 


“ Mass spectrometry: negative ion ESI-MS, (i) negative ion FAB-MS. 


stirring a mixture of the dry reaction components 
in pyridine for about 70—100 h under an anhy- 
drous atmosphere at 35—42°C. Although in all 
experiments an excess of the phosphates and 
phosphonates, respectively, has been used under 
various reaction temperatures, a complete conver- 
sion of the nucleoside component could not be 
achieved. Yields of the conjugates range between 
10 and 30% only. The alternative strategy for the 
synthesis of the conjugates involving the reaction 
of the lipidphosph(on)ate morpholidates with the 


nucleoside monophosphates, which has also been 
successfully used for the preparation of nu- 
cleoside-phospholipid conjugates (Brachwitz and 
von Janta-Lipinski, 1990; van Wijk et al., 1992) 
did not give improved yields (results not given). 

The desired products were isolated from the 


reaction mixture by carboxymethylcellulose 
column chromatography, using a discontinuous 
chloroform—methanol gradient with increasing 
solvent polarity as described previously (Comfu- 
rius and Zwaal, 1977; Brachwitz et al., 1996). 
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Fig. 2. Negative-ion fast atom bombardement mass spectra and fragmentation of compound 34d. 


However, in the case of compounds 2a—d and 
3a—c, the unreacted phosph(on)ates could not be 
completely removed from the reaction mixtures 
by this method. The pure thymidine derivatives 
2a—d were obtained in small amounts by prepara- 
tive thin layer chromatography on silica gel. The 
adenosine derivatives 3a-—c were successfully 
purified by semipreparative reversed-phase HPLC 
on RP-18-silicagel using chloroform-methanol 
gradient as eluent. 


3.2. Analytical 


The purity of all new compounds was checked 
by thin layer chromatography (TLC). The chemi- 
cal structure was confirmed by elemental analysis, 
negative-ion electrospray ionization (ESI) mass 
spectrometry and negative-ion fast atom bom- 
bardment (FAB) mass spectrometry, as well as 
UV-spectrometry. 

The negative-ion ESI spectra of the compounds 
are characterized by the presence of the [M-H] 
ions and the intensive [M-2H + Na]~ ions, the 


latter being the base peaks in the spectra of the 
compounds la, le, 2c, 2e—f, 3d—f. The [M-H] 
ions are the base peaks in the spectra of Ib and 


3c. Additional ions of lower intensity (4.3—15.1% 
of the corresponding base peak), attributable to 
the sodium adducts [M-3H + 2Na]~, are found in 
the spectra of the compounds la, Ic, 2c, 2e—f, 3c 
and 3f. In the case of compound 2c this peak 
shows an intensity of 34% of the base peak. 

Similar ions are also observed in the negative- 
ion FAB spectra. In these the compounds la, 1b, 
Id, 2a, 2f, 3a—e contain the [M-H]~ ions as base 
peak, in the spectra of the compounds Ic, 2c, 2e, 
2f, 3e and 3f the base peaks are represented by the 
[M-2H + Na]~ ions. In addition to the ions de- 
scribed, in most cases a series of fragment ions are 
present. As an example the negative-ion FAB 
mass spectrum of the compound 3d is given in 
Fig. 2. The fragmentation led to the formation of 
the m/z 305 ion (fragment A), which was gener- 
ated by expulsion of the adenosine monophos- 
phate moiety from the molecular ion, and the m/z 
346 ion representing the fragment B. A further 
characteristic peak is found at m/z 385, which 
corresponds to the alkyl diphosphate ion (frag- 
ment C). The fragment D produced by the loss of 
the adenosine residue from the molecular ion is 
found at m/z 367. 
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Cytostatic activity (halfmaximal inhibitory concentration, ID<,) of nucleoside-phospholipid derivatives 1—4 
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Compound 





IDs -values [uM] + S.E. 








H184A,N, 





H184 v-erb B 


H184 B4 neo 


MATU 


HL 60 












> 100 


























> 100 





















Ib > 100 > 100 
Ic 34.3+1.9 47.5+5.5 
Id 16.0 + 3.0 10+ 1.0 
2a > 100 > 100 
2b > 100 > 100 
2c 54.7 + 0.7 69.0 + 1.5 
2d 12.0 + 4.0 8.5+1.5 
2e 42.5+0.5 30.0 + 1.0 
2f 41.7+2.9 41.5+3.5 
3a > 100 > 100 
3b > 100 > 100 
3c 35.0 + 3.0 43.5 +2.5 
3d 10.5 + 1.4 10.5 + 3.5 
3e 35.0 + 7.1 25.0 + 1.0 
3f 34.3+ 5.4 32.0 + 1.0 
4da > 100 > 100 
4b > 100 > 100 

4 79.5 + 8.2 66.0 + 3.0 
4d 16.0 + 1.0 17.0 + 2.8 
de 52.5 + 11.5 
4f 40.5 + 5.5 40.0 + 1.0 








> 100 > 100 > 100 

> 100 > 100 > 100 

58.0 + 2.0 42.5+0.5 > 100 

15.0 + 1.0 21.5+ 1.5 50.00 + 1.0 
> 100 > 100 > 100 

> 100 > 100 > 100 
98.5 + 11.5 58.3 + 8.1 > 100 

11.5 + 3.5 11.5+5.5 57.0 + 7.4 
42.5 + 2.5 51.0 + 2.0 > 100 

35.0 + 1.0 37.2+4.5 > 100 

> 100 > 100 > 100 

> 100 > 100 > 100 
42.5+0.5 36.0 + 2.0 92.8+ 8.1 
11.5+0.5 7.0 + 0.7 32.7 + 2.2 
29.0 + 2.0 42.5+2.5 > 100 
34.5+ 1.5 41.5+1.5 81.7 + 3.0 
> 100 > 100 > 100 

> 100 > 100 > 100 

67.0 + 2.5 > 100 > 100 
14.8 + 1.3 15.7+1.4 65.7 + 5.2 

56.5 + 0.5 
42.0+ 1.0 29.5+4.5 > 100 








3.3. Antiproliferative activity 





The newly synthesized nucleoside-phospholipid 
conjugates 1-3 were tested for antiproliferative 
activity against the mammary epithelial cell line 
H184A,N, before and after transfection with the 
v-erbB oncogene, whose gene products are in- 
volved in the disregulation of signal transduction. 
In this context it was of interest whether the 
change of the mammary epithelial cell line 
H184A,N, by the v-erbB oncogene is reflected by 
an altered sensitivity against the new nucleoside 
phospholipid conjugates. In addition, the effects 
of these compounds against the promyelocytic 
leukemia cells HL 60 and the human mammary 
tumor cell line MATU were studied. The results 
are summarized in Table 2 in the form of the 
ID<.-values, i.e. the concentration of the com- 
pounds resulting in 50% inhibition of the cell 
growth. Previously we have found that cytidine 
phospholipid conjugates containing special lipid 
components exhibited cytostatic activity against 











human normal and tumor cells (Brachwitz et al., 
1996). The data concerning these derivatives are 
given for comparison. 

The present studies clearly indicate that struc- 
turally related compounds in which cytidine is 
exchanged by deoxycytidine, thymidine and 
adenosine show antiproliferative effects, too. In 
Fig. 3 the dependence of the ID. -value on the 
type of the nucleoside and the lipid residue is 
given for the cell lines H184. The dodecyldiphos- 
phates (la—3a) and the dodecylphosphonophos- 
phates (1b—3b) were ineffective, the IP;, values 
were higher than 100 «~M, as was found for the 
cytidine derivatives (4a,b). The exchange of cy- 
tidine by deoxycytidin, thymidine and adenosine 
in the hexadecyldiphosphates (le—3c) causes an 
increase in the antiproliferative activity against 
H184 and MATU. Especially the antiproliferative 
activity of the deoxycytidine and the adenosine 
derivatives (lc, 3c) were remarkably superior to 
the corresponding cytidine derivative 4c (Fig. 3a). 
Surprisingly the HL 60 cells were not found to be 
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Fig. 3. IDs9-values of nucleoside-5’-diphosphates (a) and nucleoside-5’'-phosphonophosphates (b) for the cell line H184. 


sensitive to the hexadecyldiphosphates (1e—3c) as 
already shown for the cytidine derivative (4c). In 
the case of the halogene-containing glycerodeoxy- 
diphosphates (2e, 3e) the change of the nucleoside 
residue did not strongly influence the cytostatic 
activity. Thus, the ID. )-values of the substances 
2e—3e are similar to that of the cytidine derivative 
4e (Fig. 3a). Contrary to the corresponding cytidine 
diphosphate, the introduction of the halogen-con- 
taining alkyldeoxyglycerol group instead of the 
hexadecyl group in the thymidine and adenosine 
derivatives did not improve the antiproliferative 
efficacy in all cell lines used (except HL 60). 

The hexadecylphosphonophosphates of the four 
nucleosides (ld—4d) show a greater activity than 
the corresponding hexadecyldiphosphates (1e—4c) 
as shown in Fig. 3b presumably due to the increased 
biostability of the P-C bond against cleavage by 
phospholipase C. Their ID<9-values are in the range 
of 7-20 uM. The adenosine derivative 3d was 
found to be the most effective compound (ID. - 
value 7-10 ~M) in MATU and H184 cell lines. 

We did not find obvious differences between the 
antiproliferative activity of the H184 cells before 
and after transfection with the erb B oncogen and 
between that of the nontumorigenic cell line H184 
and the tumor cell line MATU. 





The mode of action of the new nucleoside-phos- 
pholipid conjugates is still unknown, but the results 
obtained demonstrate the potential interest of these 
compounds in cancer treatment. 
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Abstract 





By combining the cellular membrane receptor GM1 with diacetylenic lipids, blue monolayer films can be created 
that undergo a colorimetric transition to red upon exposure to cholera toxin. The monolayer behaviour of GMI in 
diacetylenic films was studied using the Langmuir-Blodgett technique with the goal of building colorimetric 
biosensors. Macroscopic characteristics of the films were obtained through analysis of surface pressure-area isotherms 
of GMI and derivatized diacetylenic lipids at the air/water interface. Film optical properties and colorimetric 
response were optimized through modification of the ratio of receptor GM1 to diacetylene lipids and detection of the 
target analyte cholera toxin. Isothermic compression studies show that the mixed monolayers exhibit favourable film 
compressibility and high transferability as compared to the monolayers consisting of pure GM1. The impact of ionic 
strength and sub-phase pH on molecular interactions of lipids and miscibility of the mixed films is discussed. Contrary 
to usual temperature dependence observed for saturated fatty lipids, GM1/diacetylenic monolayers display an inverse 
relationship between temperature and surface pressure. © 1997 Elsevier Science Ireland Ltd. 
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at the two dimensional aqueous surface. Devia- 
tion from ideal mixing is often found in mixed 


1. Introduction 





The incorporation of biological receptor—lig- 
and molecules into organized lipid matrix as 
biosensors has enormous potential. Construction 
of such biosensory materials typically involves the 
appropriate mixing of more than two components 
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films when two structurally different molecules 
are involved (Gaines, 1966). As the orientation 
and interactions of biological ligands residing in 
the film ultimately determine the sensors’ recogni- 
tion ability and effectiveness, the film properties 
such as molecular packing, compressibility, stabil- 
ity and miscibility must be characterized for 
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Fig. 1. Structure of lipid molecules used in the investigation. (A) 10,12-pentacosadiynoic acid (PDA); (B) Sialic acid derivatized 
10,12-pentacosadiynoic acid (SA—PDA); (C) Monosialioganglioside GM1. 


achieving maximal sensing capability of the bio- 
materials. 

The Langmuir-Blodgett (LB) monolayer tech- 
nique provides a useful means to study molecular 
interactions in a_ two-dimensional array of 
molecules (Roberts, 1990; Ulman, 1991). By mon- 
itoring the spread and compression of molecules 
at the water/air interface, phase transitions, 
molecular packing, and head-group interaction 
can be analyzed on the basis of the pressure-area 
(z-A) isotherm. In addition, the LB monolayer 
allows for precise control in monolayer formation 
and transfer. Well-defined lipid assemblies with 
various surface functionality can thus be built on 
both aqueous surface and solid substrates for 
biosensor study or biological membrane mod- 
elling (Lukes et al., 1992; Terrettaz et al., 1993; 


Tronin et al., 1994; Fujita et al., 1994). 

We are particularly interested in constructing 
monolayer biosensors for biological pathogens. 
By taking advantage of the unique stress-induced 
chromatic properties of polydiacetylene film made 
from 10,12-pentacosadiynoic acid (PDA), we de- 
veloped a colorimetric film sensor for cholera 
toxin (CT) in which membrane receptor gan- 
glioside GMI was embedded (Charych et al., 
1996). Gangliosides are glycolipids located in the 
plasma membrane of vertebrate cells. These 
molecules play a variety of roles in neuronal 
differentiation, neuronal growth, synapse forma- 
tion, and maintenance of neuronal plasticity 
(Svennerholm, 1994). Fig. 1 illustrates the molecu- 
lar structure of PDA, sialic acid derivatized PDA 
(SA—PDA), and monosialoganglioside (GM1) 
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used in the biosensor design. The interaction be- 
tween the ganglioside and the toxin provides the 
molecular basis of the recognition event, which 
is consequently amplified into a measurable 
colour change in the PDA films. The presence 
of SA-—PDA in the films promotes the colour 
transition by lowering the activation barrier of 
the chromatic transition, making the films 
metastable and thus ready to respond to molec- 
ular recognition events (Charych et al., 1996). 
This paper reports the isothermic investigation 
of ternary GMI1/SA—PDA/PDA Langmuir 
monolayers on aqueous sub-phase as a function 
of composition, temperature, sub-phase ionic 
content, and sub-phase pH. As part of a sys- 
tematic approach of optimizing the biosensing 
response of the films, this study addressed the 
macroscopic features of the film that strongly 
influence the monolayer formation and transfer, 
and consequently the sensing patterns. Much of 
the effort was placed on characterizing the 
5%GM1/5%SA—PDA/90%PDA film, as_ the 
ternary features of this film have been found to 
create the most effective biosensors for the de- 
tection of cholera toxin. Comparison of 5% 
GM1/5%SA—PDA/90%PDA films to the pure 
and binary PDA films were made to reveal the 
nature of interactions of GM1 with diacetylenic 
lipids and the effect of such interactions on 
monolayer formation and films’ sensing capabil- 


ity. 


2. Experimental procedures 
2.1. Materials 


Monosialoganglioside (GM1) was purchased 
from Matreya (Pleasant Gap, PA), and was > 
98% purity according to the manufacturer. 
10,12-Pentacosadiynoic acid (PDA) was _ ob- 
tained from Farchan (Gainesville, FL), and was 
purified through filtration before use. Sialic acid 
derivatized PDA (SA—PDA) was a gift of Dr 
Jon Nagy of Lawrence Berkeley Laboratory and 
was synthesized according to literature (Spevak, 
1984). Chloroform and methanol were obtained 


from Aldrich (Milwaukee, WI) with the best 
available grade. Cadmium chloride and sodium 
phosphate were obtained from Mallinkcrodt (St. 
Louis, MO). All chemicals were used without 
further purification. The water used in all exper- 
iments was doubly distilled deionized water 
purified with a Nanopure water system. 


2.2. Apparatus 


A Langmuir-Blodgett trough (KSV_ mini- 
trough, KSV Instruments, Finland) was used for 
the preparation of the samples. The dimensions 
of the trough are 300 x 75 mm. The movement 
of the barrier for compressing the spread of 
molecules at the water/air interface was con- 
trolled through a micromotor, and the surface 
pressure was measured and monitored by a Wil- 
hemy balance. The temperature was controlled 
by a water bath circulator (Fisher Scientific). 
The humidity was maintained at 45 + 5%. 


2.3. Methods 


PDA and SA-—PDA were dissolved in chloro- 
form, while the ganglioside GM1 was dissolved 
in a 2:1 CHCI,:CH,OH (v:v) mixed solvent. The 
above solutions were then mixed to the desig- 
nated molar ratios while the total concentration 
was brought to ca. 2 mM. The PDA solutions 
were spread on the aqueous sub-phase by using 
a microsyringe, and rested for 30 min to allow 
organic solvent to evaporate before compres- 
sion. The isotherms of 100% PDA and 100% 
GMI were monitored as a function of evapora- 
tion time to determine if there was any material 
loss during the resting period. We found, be- 
tween 5 min and | h evaporation period, the 
difference in molecular area and surface pres- 
sure for both compounds was insignificant (< 
2%). The compression speed was set at 5 
mm/min. 

Nanopure water (pH 5.8) was used in most 
experiments as the sub-phase. CdCl, was added 
in experiments where sub-phase was adjusted by 
cationic species. Solution pH was controlled by 
0.05 M phosphate buffer. 
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2.4. Construction of monolayer films on the solid 
substrates 


Details on how to manufacture ternary PDA 
biosensing films on the solid substrates are given 
elsewhere (Charych et al., 1996). In short, the 
molecules spread on the trough surface were com- 
pressed after the collapse point and transferred 
before the second steep rise of surface pressure. 
We studied the transfer at different surface pres- 
sure, and the results showed that the films ob- 
tained before first collapse exhibited low transfer 
rate and poor colour intensity. When the transfer 
was carried out at high surface pressure (in the 
realm of the second condensed phase), a high 
transfer rate could be achieved but films were 
quite resistant to colour change. For 5%GMI1 
5%SA—PDA/90%PDA film, transfer at the sur- 
face pressure of 18 mM/m was found to give the 
best results. The films were transferred to OTS 
(octadecyltrichlorosilane) coated glass slides using 
the vertical deposition technique. The dipping 
speed of film transfer was maintained at 5 mm 
min. Three dips (two down and one up) were 
made to ensure the hydrophilic interface was ex- 
posed to solution. After completely drying in air, 
the films were irradiated by a hand held UV lamp 
to initiate polymerization of the PDA. The irradi- 
ation time was | min per side. To detect the 
response of cholera toxin on the film biosensor, a 
40 ppm cholera toxin (from Sigma) solution in 
200 mM NaCl and 50 mM Tris—base (pH 7.4) 
was used. 


3. Results and discussion 
3.1. Isotherms of GM1/PDA mixed monolayers 


The surface pressure-area isotherms for 100% 
PDA, 5% GM1/95% PDA, 20% GM1/80% PDA, 
50% GM1/50% PDA and 100% GMI on pure 
water are shown in Fig. 2. The characteristic peak 
feature was observed for 100% PDA and 5% 
GM1/95% PDA films, indicating a monolayer 
collapse occurred to these films. The steep rise of 
surface pressure before collapse is indicative of 
the condensed phase, where strong chain-chain 












interactions hold the molecules in their close- 
packed arrangement as a result of compression. 
The 100% PDA film shows a limiting area of 25 
A? at a collapse pressure of 17.5 mN/m. The 
results point to a crystal-like closest packing of 
the PDA lipids, and are in generally good agree- 
ment with those published previously (Walsh and 
Lando, 1994a; Tieke et al., 1979). The collapsed 
film could be further compressed as seen in the 
second steep rise of surface pressure occurring in 
the small molecular area. The film collapsed at a 
surface pressure > 50 mN/m. 

The 100% GMI shows a very expanded 
isotherm on pure water, with first detectable sur- 
face pressure change occurred around 100 A2.A 
very small phase transition shoulder was observed 
at the surface pressure of 17 mN/m and 60 A? 
molecular area. This phase transition, repro- 
ducible in all isotherms of 100% GM1 regardless 
of compression speed, did not show time depen- 
dence when various evaporation time was investi- 
gated. Probst et al. ascribed the transition to a 
rearrangement of the polar head-group of GM1 
that the sugar groups are oriented perpendicularly 
to the surface (Probst et al., 1984). After the 
phase transition, the GMI compression curve 
arises rapidly and collapses at a molecular area of 
38 A2. This limiting molecular area, however, is 
smaller than the values reported by other authors 
(Maggio et al., 1978a; Beitinger et al., 1987; 
Parker, 1990; Perillo et al., 1993). Examination of 
possible material loss of GM1, which was con- 
ducted by monitoring the z-A isotherm at various 
evaporation time, shows no significant distinction 
in surface pressure and molecular area for 
isotherms between 5 min and | h evaporation. In 
addition, below 20 mN/m the GM1 film could be 
reversibly decompressed, suggesting that GM1 on 
the aqueous surface was in equilibrium with the 
sub-phase. The disagreement in GM1 isotherm, 
therefore, is likely due to the different experiment 
conditions such as material source, purification 
procedure and monolayer manipulation among 
individual labs, as suggested by Maggio and 
coworkers (Fidelio et al., 1991). Taking the bulk 
volume of the GMI headgroup into consider- 
ation, a molecular area of 38 A? is indeed smaller 
than the actual size. The area of the closest pack- 
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Fig. 2. z-A isotherms for monolayers of the pure and mixed components on water (pH 5.8) at 20°C. The insert is the plot of mean 
area/molecule for the mixed monolayers of PDA and GM | at different surface pressures. The solid lines represent values calculated 
by the additivity rule. From top to bottom: 5 mN/m, 10 mN/m and 25 mN/m. 


ing of ceremide is not enough to cover the area 
required by the polar group (Luckham et al., 
1993). We speculate that the small molecular area 
in the condensed films may be due to the protru- 
sion of the GM1 headgroup to the sub-phase in a 
staggered conformation. 

In the mixed monolayers, the 5% GM1/95% 
PDA film preserved to a large extent the collapse 
curve as the 100% PDA’s. As the mole fraction of 
GMI increased to 20%, the peak feature of 
monomeric PDA disappeared from the isotherm, 
and a more classical phase transition curve was 
obtained. When the GMI content was increased 
to 50% of the total molecules, the resulting 
isotherm differed greatly from PDA. The range of 
coexisting state for liquid and solid states was 
greatly reduced, while the expanded state looked 
very similar to pure GM 1. Interestingly, the phase 


transition point in 20% GM1/80% PDA and 50% 
GM1/50% PDA has higher surface pressure than 
the pure forms, similar to a positive azeotropic 
mixing type observed in biolipid studies (Birdi, 
1989). 

The behaviour of the mixed monolayers, partic- 
ularly the film miscibility, can be analyzed by the 
additivity rule. For an ‘ideal’ mixed film involving 
two components where no interactions between 
the molecules are assumed, the following relation- 
ship can be applied: (Gaines, 1966) 


A,,=N,A,+N>A, (1) 


where A, 5 is the molecular area of the mixed film, 
A, is the molecular area of component 7 in pure 
form, and N, is the mol fraction of compound / in 
the mixture. On the other hand, such ‘ideal’ be- 
haviour might result as well from an interface 
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Table | 


Properties and colorimetric response of GM1 biosensing monolayer assembly 











Film composition Initial absorbance Monolayer transfer rate CR in buffer CR in analyte 
100% PDA 0.052 0.94 0.02 0.02 
5% GM1/95% PDA 0.049 0.89 0.03 0.03 
20% GM1/80%PDA 0.018 0.34 0.03 0.04 
5%SA—PDA/95%PDA 0.038 0.77 0.06 0.07 
20% SA—PDA/80% PDA 0.032 0.62 0.14 0.15 
5%GM1/5%SA—PDA/90% PDA — 0.036 0.87 0.06 0.28 
20%GM1/5%SA-—PDA/75% PDA 0.014 0.33 0.10 0.13 





formed by immiscible components. Using Eq. (1), 
we calculated the molecular areas for the mixed 
systems at surface pressures of 5, 10 and 25 
mN/m, and compared them with the measured 
values (see insert in Fig. 2). Positive deviations 
from the additivity rule were obtained. Since both 
positive and negative deviations from ideality 
point to miscible behaviour, this result indicates 
the miscibility of the PDA and GMI mixed 
monolayers. Similar behaviour of GM1 in DPPC 
was reported (Maggio et al., 1978b; Bianco and 
Maggio, 1989). In addition, since immiscible films 
collapse at the same surface pressure at which the 
film of the pure component collapses, varying the 
composition of an immiscible film would have no 
effect on the collapse pressure of that film. Along 
with the fact that GM1/PDA films studied in this 
work do not exhibit this type of behaviour, the 
results again point to a miscible, though not 
necessarily homogeneous, mixing between 
monomeric PDA and the functional molecule 
GMI on the water surface. 


3.2. Optimization of colorimetric response for 
GM1/PDA monolayer films 


To evaluate the colorimetric response of the 
films, different concentration combinations of lig- 
and (GM1) and PDA were tested. If too much 
ligand molecule was added (low concentration of 
polymerized lipid), the films were unstable and 
had high background. If the films had too much 
polymerized lipid molecule, they were too stable 
and the colour change would not occur. In the 
search for the GM1/PDA biosensor composition 
capable of displaying maximal response, a series 


of PDA monolayer films were transferred to OTS 
coated glass slides. The films were evaluated by 
exposure to cholera toxin and the colorimetric 
response was measured using UV-Vis spec- 
troscopy. Table 1 summarizes the colorimetric 
properties and response of the GM1 biosensing 
monolayer films studied in this work. The initial 
absorbance (A,,;,), which reflects the maximal 
peak value of the films at 640 nm, is a function of 
the film transfer rate and composition. GM1, 
which does not provide chromatic functionality 
into the mixed assembly, generally decreases the 
intensity of the initial blue colour. The transfer 
rate, which is the ratio of the area decreased on 
the trough surface and the area of the substrate 
emerged into the sub-phase, indicates that the 
PDA films are highly transferable as compared to 
those of SA~PDA and GMI molecules. The blue 
to red colorimetric response (CR) (Charych et al., 
1993) shows that monolayer films exhibit low CR 
in buffer solution except when high content of 
GMI or SA-—PDA is used. For the optimal detec- 
tion of cholera toxin, both SA~PDA and GMI 
need be present in the films, otherwise the films 
are either too unstable or they do not change 
colour, depending on the concentration of all 
three components. The function of SA—PDA is 
thought to provide the metastable state of the 
films for biomolecular recognition through a 
stress-induced mechanism (Charych et al., 1996). 
A film consisting of 1%GM1/1% SA—PDA/98% 
PDA was also investigated, and the CR turned 
out to be low and it does not yield a useful 
colorimetric biosensor. Based on the above stud- 
ies, the optimal colorimetric sensor was deter- 
mined to be 5% GM1/5% SA—PDA/90% PDA. 





Q. Cheng, R.C. Stevens / Chemistry and Physics of Lipids 87 (1997) 41-53 


60 - 


Surface pressure (mN/m) 





5%SA-PDA/95%PDA 


5%GM1/S%SA-PDA/90% PDA 





oft 
tT 


20 


4 
' 


30 40 


Area per molecule (A’) 


Fig. 3. z-A isotherms for monolayers containing SA~PDA on water (pH 5.8) at 20°C 


3.3. Isotherms of GM1/SA—PDA/PDA ternary 
mixed monolayers 


Fig. 3 shows the isotherms of mixed films con- 
taining SA—PDA, the molecule responsible for 
promoting the chromatic transition of the cholera 
toxin biosensor. The slope of the isotherms in the 
condensed phase, which is a measure of the com- 
pressibility, indicates that the films are compress- 
ible. Peaks as well as plateaus in these isotherms 
were observed in the region of 17—21 mN/m. 
Compared to 100% PDA, 5% SA—PDA/95% 
PDA started to be compressed at a slightly higher 
surface molecular area, perhaps due to the large 
headgroup of SA—PDA. As for 5%GM1/5%SA- 
PDA/90%PDA, the shift was so significant that 
films started to be compressed around 60 A?. The 
expanded region is much longer than in other 
systems, indicating a complicated compression 
mechanism for the ternary systems. It is worth 
noting that both 5%GM1/95% PDA and 
S%GM1/5%SA—PDA/90%PDA — showed _ very 
compressible isotherms while film condensation of 
pure GM1 was poor, as reflected by the large area 
under the z-A isotherm. This result implies that 
the PDA monolayer not only provides the neces- 
sary optical features for sensor design, but also 


~ 


contributes to the mechanical and chemical envi- 
ronment for effective manipulation of the biologi- 
cal entities in the monolayer films. 

Little is known about the monolayer structure 
after collapse. It has been suggested that collapse 
of the monolayer results in fluid-like media, where 
the disorder of the monolayer dominates the film 
structure (Walsh and Lando, 1994a; Day and 
Ringsdorf, 1978). We studied the monolayer 
transfer at different surface pressures, and the 
results suggest a different mechanism: (1) The 
collapsed films were highly transferable, indicat- 
ing that some degree of ordered monolayer struc- 
ture was preserved after the collapse; (2) The 
transferred films could be polymerized by UV 
irradiation. Considering the fact that polymeriza- 
tion of PDA requires strict spatial arrangement of 
the adjacent molecules (Wenzel and Atkinson, 
1989; Deckert et al., 1995) and is sensitive to 
deposition conditions such as subphase composi- 
tion and pH (Mino et al., 1992), we conclude that 
a highly ordered monolayer must be present after 
the collapse point. Fig. 2 shows that the PDA film 
can be compressed to 8 A’, roughly one third of 
the normal limiting molecular area for a car- 
boxylic lipid, pointing to a possibility of forming 
a trilayer of PDA after its first collapse. It is 
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Fig. 4. z-A isotherms for 5%GM1/5% SA—PDA/90% PDA as a function of Cd?* subphase concentration (pH 5.8) at 20°C. The 
subphase concentration of Cd**+ was adjusted by using CdCl, 2H,O. 


highly likely that the integrity of the two-dimen- 
sional array is maintained during the collapse 
process, since the collapse fragments atop the 
original monolayer show similar properties in 
terms of transferability and polymerization pat- 
tern. A similar mechanism has been suggested 
(Ries, 1973) to account for monolayer collapse of 
long chain fatty acids studied by EM. Further 
investigation in regards to film structure using 
surface characterization techniques will be needed 
for revealing structural information of monolayer 
collapse. 


3.4. Effect of subphase ionic content on ternary 
assembly 


The ionic content of the aqueous subphase has 
significant impact on the properties of Langmuir 
monolayers. The presence of cationic species 
strengthens the electrostatic interactions of mono- 
layers with anionic head-groups and consequently 
stabilizes the film Gaines, 1966. Fig. 4 shows the 
isotherms of 5%GM1/5%SA—PDA/90%PDA as a 
function of subphase concentration of CdCl,. As 
the concentration of Cd** is increased, the ex- 





panded phase shifts systematically toward the low 
molecular area, indicating that the monolayer is 
stabilized at high Cd** concentration. This be- 
haviour results largely from the ionic interactions 
between Cd** and partially dissociated anionic 
carboxylate headgroup of PDA (pKa ~ 5), while 
acidic SA—PDA and GMI (pKa x 2.6 for sialic 
acid in these molecules) certainly contribute to 
strengthen the effect. Further evidence for this 
mechanism of monolayer stabilization is seen in 
the increase in surface pressure as a function of 
higher ionic concentrations. Many divalent ions 
(Be, Mg, Ca, Ba, and Cd) have been shown to 
have an impact on the isotherms of PDA 
monomers through salt formation, which influ- 
ences the packing of molecules on a basis of ion 
size and charge. No immiscible trend was ob- 
served for the ternary system of 5%GM1/5%SA 

PDA/90%PDA on aqueous subphases containing 
up to 0.01 M Cd?’*, indicating that this mixed 
monolayer is relatively stable as respect to ionic 
content. When the Cd** was increased to 0.1 M, 
however, erratic behaviour of 5%GM1/5%SA 

PDA/90%PDA monolayer was observed. This is 
possibly due to formation of aggregated domains 
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adjusted to the desired pH with phosphoric acid or NaOH. 


as a result of different ability to interact with 
Cd’* between sialic acid in SA~PDA and GMI 
and carboxylic in PDA, or precipitation at high 
salt concentration. 

It is worth noting that at low Cd** concentra- 
tions (~ 10~* M), the isotherms differ very little 
in the condensed phase region, indicating that low 
ionic content in subphase has no significant effect 
on the structure of the compact films. Increasing 
the concentration of Cd** above 10-7 M re- 
sulted in a shift of molecular area in the con- 
densed phase region (Fig. 4), pointing to some 
structural change in the compact monolayer. In 
order to explore the role of additives in the mix- 
ture for inducing such a structural change, an 
isotherm of pure PDA on 10-7? M Cd?* was 
measured. On the 10~* M Cd?* subphase, a 
steep rise at low molecular area is seen in the 
isotherm of PDA. However, the slope of the 
isotherm within the compact region and the 
molecular area were essentially the same as on 
water. Such a result is consistent with an ordered 
film of PDA at high salt concentration, where the 
film characteristics are primarily dictated by the 
long hydrophobic segment of the molecules. Simi- 
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Fig. 5. z-A isotherms for 5% GM1/5% SA—PDA/90% PDA at pH 4.5, 5.8 and 9.2. The buffer was 0.05 M sodium phosphate, 
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lar results were obtained for amine-based di- 
acetylene (Walsh and Lando, 1994b). Therefore, 
the shift in Fig. 4 reflects a mixed electrostatic 
effect induced by differently dissociated individual 
components in the films, suggesting a lower stabil- 
ity of the ternary films as compared to the pure 
PDA films. 


3.5. Effect of subphase pH on ternary assembly 


For the acidic molecule PDA, an increase in pH 
results in the ionization of PDA molecules and 
consequently introduces substantial charge along 
the monolayer interface. Fig. 5 shows the 
isotherms of 5%GM1/5%SA—PDA/90%PDA at 
pH 4.5, 5.8 and 9.2. At high pH (pH 9.2), the film 
becomes very expanded as a result of electrostatic 
repulsion between the adjacent PDA molecules. 
Compression of such a film to form a monolayer 
was difficult. Additionally, distinct segments of 
individual molecules were observed, pointing to 
an immiscible trend in the mixed monolayer that 
tends to form segregated domains. Obviously, 
high charge density at the monolayer interface 
creates unfavourable interactions on the aqueous 
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surface. It can be expected that the addition of 
compounds such as GMI (which is acidic) into 
the PDA mixture at this pH will be extremely 
unfavourable. The isotherm of the ternary system 
at low pH exhibits normal peak behaviour. The 
collapse pressure is significantly larger than at 
neutral pH, indicating a more stable film formed 
at low pH. Suppression of ionization of the PDA 
molecules at this pH contributes to the enhance- 
ment of film stability, which can consequently 
stabilize the incorporation of GM1 molecules in 
the PDA films. 


3.6. Effect of subphase temperature on ternary 
assembly 


An increase in temperature usually results in 
higher surface pressure, an enlargement of the 
expanded region and a shift in the phase transi- 
tion point towards the low molecular area direc- 
tion in z/A isotherms (Birdi, 1989). This effect 
stems from the higher flexibility of hydrocarbon 
tails of lipids at high temperature as a result of 
thermal agitation, and can be analyzed with the 
two-dimensional Clausius-Clapeyron equation 
(Birdi, 1989). Monolayer films containing PDA, 
however, typically experience film collapse during 
compression. Consequently, the evaluation of the 
subphase temperature effect has to take this phe- 
nomenon into consideration. Fig. 6 displays the 
temperature effect on the isotherms of 100% 
PDA, 5%SA-—PDA/95%PDA, and 5%GMI 
S%YSA—PDA/90%PDA. With decrease in sub- 
phase temperature, the surface pressure increased 
and the isotherms’ shape changed. Isotherms at 
low temperature exhibited more and more liquid- 
solid phase transition features, as indicated by the 
disappearance of the peak and occurrence of the 
smooth curve at the transition region. All the z-A 
isotherms obtained for the three monolayers dis- 
play similar characteristics. The major difference 
between these figures is the position of collapse 
point, which is a function of film composition. 

The anomalous thermal behaviour of 5%GM1 
5*%SA—PDA/90%PDA cannot be interpreted by a 
classical phase transition of thermodynamic ef- 
fects. To account for such thermal anomalies, 
Cadenhead and Miiller-Landau postulated a 


mechanism that involves a conformational change 
at the interface (Cadenhead and Miller-Landau, 
1974). Glazer suggested that the breakdown of 
intermolecular hydrogen bonds between polar 
head-groups provokes a reversal of temperature 
dependence (Glazer and Alexander, 1951). Loss of 
molecules at high temperature could be another 
explanation for the decrease in surface pressure. 
However, none of the above mechanisms seems 
applicable to this system. Material loss would 
appear unlikely since such a film loss should 
displace the entire isotherm to low area/molecule, 
and this did not happen. As diacetylene groups 
exhibit some degree of interactions with subphase 
water, we propose that these interactions, together 
with those at the hydrophobic portion when 
molecules are compressed to close-packed ar- 
rangement, induce the abnormal thermal be- 
haviour. The diacetylene bonds interfere with the 
efficient packing and decreases the film fluidity on 
the aqueous surface, while the weak interactions 
between diacetylene and subphase water are bro- 
ken down as the temperature increases. As a 
result, the tendency of film collapse is expected to 
be suppressed as the temperature is decreased. 
Therefore, at low temperature the chain mobility 
is balanced as to be comparable to that of fatty 
acids, leading to a classical phase transition to 
take place. 


4. Conclusions 


Monolayer properties of monosialoganglioside 
in binary and ternary mixed films have been stud- 
ied by using LB technique. Though the GMI 
molecule is difficult to compress into a mono- 
layer, it forms miscible films with PDA, and the 
mixed films are highly transferable to solid sub- 
strates. When making a biosensitive film, it was 
found that 5% GM1/5% SA-—PDA/90% PDA 
yielded the most sensitive film response to the 
target analyte cholera toxin. A higher concentra- 
tion of the GMI ligand molecule or SA~PDA 
promoter lipid results in a film with high back- 
ground and consequently decreases the overall 
response. 
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Fig. 6. z-A isotherms of monolayers containing PDA as a function of subphase temperature on 10~* M Cd?*. (A) 100% PDA; 


(B) 5% SA—PDA/95% PDA; (C) 5% GM1/5% SA-PDA/90% PDA. 


For the ternary monolayer films, the stability of 
mixed monolayers is influenced by: (1) the 
molecules contained in the monolayer itself, such 
as ligands molecules and promoter lipids; (2) the 
ionic strength and content of the aqueous sub- 
phase, (3) the pH of the subphase, and (4) the 
temperature of the subphase. The large headgroup 





size of GM1 likely introduces a steric effect to the 
mixed systems resulting in a decrease in film sta- 
bility. High ionic strength improves the interac- 
tions of the molecules. Acidification of the 
subphase could prove to be beneficial in terms of 
increasing miscibility of the mixed species. And 
contrary to the usual temperature effect on mono- 
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Fig. 6. (continued) 


layer stability, 5%GM1/5%SA—PDA/90%PDA 
mixed monolayer shows high stability when the 
temperature is lowered. 

The LB technique is a useful method to study 
the average properties of the monolayers. The 
information obtained helps in an understanding 
of the general features of the monolayers at the 
macroscopic scale. Detailed information regarding 
the multicomponent distribution and molecular 
interactions of the array, however, is difficult to 
obtain. Further study of mixed monolayers em- 
ploying surface techniques with atomic resolution 
is currently underway. 
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Abstract 


Five positional isomers of acetylenic tellura stearate (1—5) have been synthesized by three different routes. The 
number of methylene groups located between the acetylenic system and the tellurium metal varies from 0 to 4. The 
'H and '°C NMR spectroscopic properties have been studied. The tellurium atom induces strong deshielding effects 
on the adjacent methylene protons, which in combination with the deshielding effects of the acetylenic system allows 
most of the methylene groups between the tellurium and the triple bond to be identified by 'H NMR spectroscopic 
analysis. The tellurium causes a very strong shielding effect (ca. — 27.1 ppm) on the carbon shift of the adjacent 
a-methylene carbon atom, but weak deshielding effects on the f-(ca. + 2.6 ppm) and y-(ca. + 2.3 ppm) methylene 
carbon atoms. Carbon shifts of methylene carbon atoms, especially those which are located between the tellurium 
atom and the triple bond, are found very much upfield (6. 0.65—4.81) and in one case in the negative region 
(d- — 17.95) of the '*C NMR spectrum. Most of the signals of the carbon nuclei of these analogue have been 
identified and from the results of these analyses the number of methylene groups between the acetylenic system and 
the tellurium atom can be determined. © 1997 Elsevier Science Ireland Ltd. 
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1. Introduction Chau, 1995a) and the dichloride derivatives of 
some methyl tellura laurates (Lie Ken Jie and 

We have reported the synthesis of a complete Chau, 1995b), and have studied the nuclear mag- 
series of position isomers of methyl tellura laurate netic resonance spectroscopic (NMR) and mass 
(Lie Ken Jie et al., 1991), long-chain methyl esters spectrometric properties of this class of fatty acid 
containing a tellurophene system (Lie Ken Jie and ester analogues (Lie Ken Jie and Chau, 1995c). 
Long-chain fatty acids containing a tellurium 
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ocardium. Such long-chain fatty acids have been 
used to trap radiolabelled fatty acids in the heart 
tissues for myocardial imaging purposes (Knapp 
et al., 1979; Srivastava et al., 1987; Goodman and 
Knapp, 1982). There are only a few reported cases 
of unsaturated tellura fatty acids in the chemical 
literature. Knapp et al. have described the synthe- 
sis of unsaturated tellura fatty acid analogues 
containing an iodo-vinylic system, where the dou- 
ble bond is located at the end of the fatty acid 
chain (Knapp et al., 1984). 

In our continuing effort to study the properties 
of long-chain fatty acids containing a hetero atom 
in the alkyl chain, we report in this paper the 
synthesis of five unsaturated tellura stearate ester 
analogues containing an acetylenic bond and a 
tellurium atom in defined positions of the alkyl 
chain (compounds 1-5). 


CH,(CH,); — Te — (CH), — C=C 
—(CH,),COOEt (1) 

CH,(CH,),; — Te — (CH), — C=C 
—(CH,);COOEt (2) 

CH,(CH;); — Te — (CH;), — C=C 
—(CH,),COOEt (3) 

CH,(CH;), — C=C — CH, — Te 
—(CH,),COOEt (4) 

CH,(CH,), — C=C — Te — (CH,),COOMe (5) 


One of the main objectives of this work is to 
study the effects of the tellurium atom and the 
acetylenic system on the shifts of the adjacent 
methylene group by NMR spectroscopy. For this 
reason the number of methylene groups between 
the acetylenic bond and the hetero atom (tel- 
lurium) in these fatty acid analogues is varied 
from 0 to 4. 


2. Material and methods 


Infrared spectra were measured as neat samples 
on a Shimadzu model IR-470 spectrophotometer 
(Shimadzu, Kyoto, Japan). Nuclear magnetic res- 
onance (NMR) spectra were recorded on a JEOL 


GSX-270 fourier transformed NMR spectrometer 
(JEOL, Tokyo, Japan) at an operating frequency 
of 270 MHz for proton and 67.89 MHz for 
carbon nuclei from solutions in deuteriochloro- 
form (CDCI,) with tetramethylsilane (TMS) as 
the internal reference standard. Chemical shifts 
are given in 0,, and d,< values in ppm downfield 
from TMS (d,s = 90). Solvents used in the syn- 
thesis were distilled and dried over sodium in 
benzophenone. 5-Hexyn-1-ol, 4-pentyn-1l-ol, 3-bu- 
tyn-l-ol, 5-bromopentanoic acid, 6-bromohex- 
anoic acid and §8-bromooctanoic acid were 
purchased from Aldrich (St. Louis, MQ). 


2.1. General method for the preparation of di-, 
tri- and tetra-methylene interrupted acetylenic 
tellura fatty acid esters (I—3) as exemplified by 
the synthesis of ethyl 12-tellura-6-octadecynoate 
(1) (Scheme 1) 


5-Hexyn-1-ol (13.2 g, 0.135 mol) was added to a 
suspension of lithamide [prepared from lithium 
(4.0 g, 0.57 mol), Fe(III) nitrate (0.5 g) and liquid 
ammonia (1 1)] in liquid ammonia and the reac- 
tion mixture was stirred for | h. 5-Bromopen- 
tanoic acid (23 g, 0.13 mol) in tetrahydrofuran 
(THF, 50 cm*) was slowly added and the resulting 
mixture was stirred for 12 h. The ammonia was 
allowed to evaporate and dilute HCl (2 M, 200 
cm*) was added and the reaction mixture was 
extracted with diethyl ether (3 x 100 cm’). The 
ethereal extract was washed with water (2 x 30 
cm*) and dried over anhydrous sodium sulfate. 
The filtrate was evaporated and the residue was 
refluxed with borontrifluoride-methanol complex 
(15%, w/w, 10 cm?) and absolute methanol (100 
cm*) for 20 min. Water (150 cm*) was added and 
the reaction mixture was extracted with petroleum 
ether (b.p. 60—80°C, 3 x 50 cm*). The petroleum 
extract was washed with water (30 cm*) and dried. 
The filtrate was evaporated under reduced pres- 
sure and the residue was chromatographed (100 g 
silica) using a mixture of petroleum ether: diethyl 
ether (4:1, vol/vol) as eluent to give methyl | 1-hy- 
droxy-6-undecynoate (17.7 g, 65%) as an oil. In- 
frared analysis (cm~') 3395, 1733, 1434, 1175, 
1063; 'H NMR (06,,) 1.4—1.8 (m, 8H, CH,), 2.0 
2.4 (m, 6H, 2—H, 5-H and 8-H), 3.59 (s, 3H, 
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Synthesis of di-, tri- and tetra-methylene interrupted acetylenic tellura fatty esters (1-3) 


(i), (ii) 


(iii), (iv) 


HO-(CH2), -C = CH ——+P HO-(CH2),-C = C-(CH2)m-COOCH; ————————» 


65-70% 


(v) 
Br-(CH>),-C = C-(CH>)m -COOCH; 


48-58% 


> CH3(CH2)s-Te-(CHo)a-C = C-(CH>)mCOOC>Hs 
65-73% 


(2) 
(3) 


Reagents: (i) LiINH2, ammonia, Br(CH2)mnCOOH,; (ii) BF;/MeOH,; (iii) methanesulfonyl chloride, 


pyridine, dichloromethane; (iv) LiBr, acetone; (v) [CH3(CH2)sTe]2, NaBHsg, ethanol. 


Scheme 1. 


COOCH;), 3.72 (t, J=6.5 Hz, CH,-OH); °C 
NMR (6,) 18.47 (C-5), 18.58 (C-8), 24.16 (C-3), 
25.41 (C-9), 28.52, 29.01, 31.99 (C-10), 33.64 (C- 
2), 51.49 (COOCH;), 64.43 (C-11), 79.63 (C-6), 
80.42 (C-7) and 174.11 (C-1). 

A mixture of methyl 11-hydroxy-6-undecynoate 


(2.0 g, 9.4 mmol), methanesulfonyl chloride (2 g, 


17.5 mmol), pyridine (5 cm?*) and 
dichloromethane (50 cm*) was stirred at 0—5°C 
for 30 min and for a further | h at room temper- 
ature. The reaction mixture was_ successively 
washed with dilute HCl (2M, 30 cm*), water (30 
cm*) and dried (Na,SO,). The filtrate was evapo- 
rated and a solution of lithium bromide (1.5 g, 17 
mmol) in acetone (25 cm*) was added to the 
residue. The mixture was refluxed for | h and ice 
water (20 cm*) was added to the cooled reaction 
mixture. The reaction mixture was extracted with 
petroleum ether (3 x 30 cm*). The petroleum ex- 
tract was washed with water (30 cm*) and dried 
(Na,SO,). The filtrate was evaporated under re- 
duced pressure and the residue was _ chro- 
matographed on silica gel (40 g) using a mixture 
of petroleum ether: diethyl ether (9:1, vol/vol) as 
eluent to give methyl 11-bromo-6-undecynoate 
(1.5 g, 54%) as an oil. Infrared analysis (cm ~ ') 
1734, 1432,1332, 1251, 1174; 'H NMR (06,,) 1.6 

1.8 (m, 8H, CH,), 2.0—2.4 (m, 6H, 2-H, 5-H, 
8-H), 3.44 (t, J = 6.4 Hz, CH,Br) and 3.62 (s, 3H, 


COOCH,); '°C NMR (6,) 17.99 (C-8), 18.47 (C- 
5), 24.92 (C-3), 27.52, 28.52, 31.85, 33.21 (C-11), 
33.64 (C-2), 52.44 (COOCH;), 79.69 (C-6), 80.28 
(C-7) and 173.87 (C-1); microanalysis: calc. for 
C,.H,,0O,Br, C, 52.37, H, 6.96, found C, 52.59 
and H, 7.04. 

A mixture of tellurium (powder, 1.0 g), sodium 
borohydride (0.2 g, 5.4 mmol) and dimethylfor- 
mamide (DMF, 20 cm?) was stirred at 80°C for 2 
h under nitrogen. 1-Bromohexane (1.3 g, 7.6 
mmol) in DMF (5 cm*) was added and the reac- 
tion mixture was stirred for 2 h. Water (80 cm?) 
was added and the reaction mixture was extracted 
with petroleum ether (3 x 30 cm*). The petroleum 
extract was evaporated under reduced pressure to 
give crude dihexylditelluride (1.55 g). Sodium 
borohydride (0.15 g, 4 mmol) and absolute 
ethanol (30 cm*) were added to the crude di- 
hexylditelluride and the mixture was stirred for 30 
min at room temperature. The temperature of the 
reaction mixture was raised to 80°C and methyl 
11-bromo-6-undecynoate (0.5 g, 1.8 mmol) in 
ethanol (5 cm*) was added and the reaction mix- 
ture was stirred for 3 h. Water (50 cm*) was then 
added to the cooled reaction mixture, which was 
extracted with diethyl ether (3 x 30 cm’). The 
ethereal extract was washed with water and dried 
(Na,SO,). The filtrate was evaporated and the 
residue was chromatographed on a silica gel (50 
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Synthesis of methylene-interrupted tellura-acetylenic fatty ester (4). 





(i) (ii), (iti) 
HC= CCH,OH ————_P CH3(CHp2)s-C = C-CH,OH i. —— CH3(CH?2)s-C = C-CH,Br 
58% 60% 


(iv) 


ED CH3(CH?2)s-C = C-CH>2-Te-(CH2)4COOC2H; 


26% 
(4) 


Reagents: (i) LiNH2, ammonia, Fe(III) nitrate, 1-bromononane; (ii) methanesulfonyl chloride, 


pyridine, CHCl); (iii) LiBr, acetone; (iv) [Te-(CH2)4COOCH3]2, NaBHg, ethanol 


Scheme 2. 


g) column using a mixture of petroleum ether: 
diethyl ether (9:1, vol/vol) as eluent to give ethyl 
12-tellura-6-octadecynoate (1, 0.55 g, 72%) as an 
oil. 


2.2. Synthesis of the methylene-interrupted 
acetylenic tellura fatty acid ester (viz. ethyl 
6-tellura-8-octadecynoate, 4)(Scheme 2) 


1-Bromo-2-decyne was prepared in 58% yield 
from 2-dodecyn-1l-ol (obtained from the dilithio 
derivative of propargyl alcohol and_I1- 
bromononane) by similar method as described for 
1 1-bromo-6-undecynoate. 

A mixture of tellurium (powder, 1.0 g), sodium 
borohydride (0.2 g, 5.4 mmol) and DMF (20 cm’*) 
was stirred at 80°C for 2 h under nitrogen. Methyl 
5-bromopentanoate (1.5 g, 1.6 mmol) in DMF (5 
cm*) was added to the cooled reaction and the 
reaction mixture was stirred for 12 h at room 
temperature. Water (30 cm*) was added and the 
reaction mixture was extracted with diethyl ether 
(3 x 30 cm’). The ethereal extract was washed 
with water (20 cm*) and dried (Na,SO,). The 
solvent was evaporated and the residue consisting 
of CH,OOC(CH,),-Te-Te-(CH,),COOCH, ap- 
peared as a red oily residue (1.8 g). A solution of 
sodium borohydride (0.15 g, 4 mmol) in ethanol 
(25 cm*) was added to the red oily residue and the 
reaction mixture was stirred for 30 min. The 
reaction mixture was heated to 80°C and 1- 
bromo-2-dodecyne (1.0 g, 4.1 mmol) in ethanol (5 


cm*) was added and the mixture was stirred for 3 
h. Water (100 cm*) was added to the cooled 
reaction and the mixture was extracted with di- 
ethyl ether (3 x 50 cm*). The ethereal extract was 
washed with water (20 cm*) and dried (Na,SO,). 
The filtrate was evaporated and the residue was 
chromatographed on a silica gel (20 g) column 
using a mixture of petroleum ether: diethyl ether 
(9:1, vol/vol) as eluent to give ethyl 6-tellura-8-oc- 
tadecynoate (4, 0.43 g, 26%) as an oil. 


2.3. Synthesis of non-methylene interrupted 
acetylenic tellura fatty acid ester (viz. methyl 
9-tellura-10-octadecynoate (5) (Scheme 3) 


n-Butyl lithium (2.5 cm*, 15% solution in n- 
hexane) was added to a solution of l-nonyne (0.45 
g, 3.6 mmol) in THF (15 cm’) at 0°C under 
nitrogen and stirred for 15 min. Tellurium (pow- 
der, 0.3 g) was added and the reaction mixture 
was refluxed for 5 h. The reaction mixture was 
cooled to 0°C and a solution of methyl 8-bro- 
mooctanoate (0.45 g, 1.9 mmol) in THF (5 cm’) 
was added. The reaction mixture was maintained 
at 0°C for 12 h. Water (40 cm*) was then added 
and the reaction mixture was extracted with di- 
ethyl ether (3 x 30 cm*). The ethereal extract was 
washed with water (20 cm*) and dried (Na,SO,). 
The filtrate was evaporated and silica gel (20 g) 
chromatographic purification using a mixture of 
petroleum ether: diethyl ether (9:1, vol/vol) as 
eluent to give methyl 9-tellura-10-octadecynoate 
(5, 0.25 g, 31%). 
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Synthesis of non-methylene interrupted acetylenic tellura fatty ester (5) 


(i),(i) 





CH3(CH2)6-C = CH 
31% 


La CH3(CH2)6-C = C-Te-(CH2);COOCH; 


(5) 


Reagents: (i) n-butyl lithium, THF, Te powder, reflux; (ii) methyl 8-bromooctanoate, THF. 


Scheme 3. 


3. Results and discussion 


3.1. Synthesis of acetylenic tellura fatty acid 
esters (1—S) 


To incorporate 2—4 methylene groups between 
the tellurium atom and the acetylenic bond for the 
proposed acetylenic tellura analogues (1-3), w- 
alkyn-l-ols [HO(CH,),C=CH, n= 2,3 or 4] were 
considered as the most suitable starting blocks 
(Scheme 1). Chain extension from the acetylenic 
end with esters of w-bromoalkanoic acids pro- 
vided hydroxy-acetylenic acid intermediates (aver- 
age yield of 65%). The hydroxy group of these 
intermediates was readily transformed to the bro- 
mide via the mesyloxy function using lithium bro- 
mide in acetone with an average yield of 53%. 
Subsequent reaction of the bromo-acetylenic ester 
intermediates with the corresponding sodium 
alkyltellurolate (RTeNa) (from dialkylditelluride 
with sodium borohydride in ethanol) furnished 
the requisite ethyl acetylenic tellura fatty acid 
esters (1—3) (average 70% yield) (Scheme 1). Ethyl 
esters were obtained as the final products, due to 
the presence of a slight excess of sodium borohy- 
dride in ethanol employed during the final step of 
the synthesis sequence which caused the methyl 
ester group to be inter-esterified to the ethyl ester. 
In compounds 1-3 the tellurium atom occupied a 
position between the acetylenic bond and the 
terminal methyl group. 

In the synthesis of the mono-methylene and the 
non-methylene interrupted acetylenic tellura fatty 
acid esters (compounds 4 and 5, repectively), the 
tellurium atom occupied a position between the 
acetylenic bond and the carboxylic ester group. 
This change in the synthesis strategy demon- 


strated the versatile synthetic approach adopted in 
this work, which allowed the tellurium atom to be 
located at any pre-determined position of the 
alkyl chain of the fatty acid ester molecule. Com- 
pound 4 was prepared starting from commercially 
available propargyl alcohol, which was condensed 
via its dilithio derivative with 1-bromononane to 
give 2-dodecyn-l-ol. The latter was transformed 
to 1-bromo-2-decyne via the mesyloxy intermedi- 
ate. 1-Bromo-2-decyne was subsequently coupled 
with the sodium tellurolate derived from methyl 
5-bromopentanoate to give ethyl 6-tellura-8-oc- 
tadecynoate (4) in 26% yield (Scheme 2). The yield 
of this last reaction was persistently low, as the 
formation of the ditelluride of the bromo-ester 
(methyl bromopentanoate) appeared to be a low- 
yielding reaction. 

To prepare the non-methylene interrupted 
acetylenic tellura fatty acid ester (5), 1-lithium 
nonyne was reacted with tellurium metal in te- 
trahydrofuran (Dabdoub and Comasseto, 1988). 
The tellurium intermediate was subsequently re- 
acted with methyl 8-bromooctanoate to yield the 
requisite product (methyl 9-tellura-10-octade- 
cynoate, (5) in 31% yield. As no sodium borohy- 
dride and ethanol were involved in this reaction, 
the product obtained was the methyl ester deriva- 
tive (Scheme 3). 


3.2. 'H NMR properties of acetylenic tellura 


fatty acid esters (1-5) 


The shift effects of an acetylenic system on the 
chemical shifts of the adjacent methylene protons 
are reported, the results of which showed that the 
acetylenic bond imparts a slight deshielding effect 
(given as a positive value) on the adjacent «-, f- 
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Results of the 'H-NMR analysis of acetylenic tellura fatty acid esters (1-5) 
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Nucleus (protons) 


Compound (0;,;) 








(1) (2) (3) (4) (5) 
2-H 2.34(t) (J = 7.2) 2.32(t) (J = 7.2) 2.30(t) (J = 7.2) 2.34(t) (J = 7.2) 2.31(t) (J = 7.2) 
3-H a a a a a 
4-H a a a a a 
5-H 2.10(m) a b 2.87(t) (J = 6.8) b 
6-H 2.10(m) a Te a 
7-H 2.10(m) 3.27(s) a 
8-H 2.10(m) 2.77(t) (J = 6.8) 
9-H a 2.10(m) Te 
10-H a 2.10(m) 2.70(s) 2.10(m) 
11-H 2.64 (t, J = 6.8) 2.71(t) (J = 6.8) 2.70(s) 2.10(m) 
12-H Te Te Te a 2.48(t) (J = 7.0) 
13-H 2.64 (t, J = 6.8) 2.63(t) (J = 6.8) 2.61(t) (J = 6.8) b a 
14-H a a a b a 
15-H b* b b b b 
16-H b b b b b 
17-H b b b b b 
18-H 0.89(t) (J = 7.0) 0.89(t) (J = 7.0) 0.90(t) (J = 7.0) 0.90(t) (J = 7.0) 0.89(t) (J = 7.0) 


Ethyl ester 


1.25(t) 4.12(q) 


1.25(t) 4.12(q) 


1.25(t) 4.12(q) 


1.25(t) 4.12(q) 


Methyl ester 


3.67(s) 





a = 1.50—1.80; b = 1.20—1.40. 
CH,(CH,).<-Te-(CH,),-C =C-(CH,),COOEt (1) 
CH,(CH,)<-Te-(CH,),-C = C-(CH,),<COOEt (2) 
CH,(CH,).-Te-(CH,).-C =C-(CH,),COOEt (3) 
CH,(CH,)g-C = C-CH,-Te-(CH,),COOEt (4) 
CH,(CH,),-C =C-Te-(CH,);COOMe (5) 


and y-methylene protons of + 0.82, +0.16 and 
+0.13 ppm, respectively (Frost and Gunstone, 
1975). Such values (shift parameters) when added 
to a basic value (1.255) for the shift of unper- 
turbed methylene protons would give a fairly 
accurate estimation of the proton shifts of a par- 
ticular proton(s) under those effects. From our 
study of the 'H NMR properties of methyl tellu- 
ralaurates, the tellurium nucleus shows strong 
deshielding effects (positive values for the shift 
parameters) on the shifts of the adjacent 
methylene protons: + 1.395, +0.495 and + 


0.145 ppm for the a-, #- and y-methylene pro- 
tons, respectively (Lie Ken Jie et al., 1991). By 
taking the combined shift effect of the acetylenic 
system and that of the tellurium nucleus into 
consideration, the assignments of the various 
shifts of the adjacent methylene protons in the 
acetylenic tellura fatty acid esters could be readily 


accomplished. The results of the 'H NMR chemi- 
cal shifts of compounds 1—5 are summarized in 
Table 1. 

The presence of four methylene groups between 
the acetylenic bond and the tellurium atom in the 
alkyl chain of compound 1 prevented the 
acetylenic system to exercising any additional shift 
effect on the methylene group adjacent to the 
tellurium atom and vice versa. As a result the 
shifts of the protons of the methylene groups 
(5-H, 8-H) adjacent to the acetylenic bond ap- 
peared at the anticipated region of the spectrum 
Oo, 2.10 (multiplet), while the shifts of the 
methylene protons adjacent to the tellurium atom 
(11-H, 13-H) appeared as a triplet at 0,, 2.64 (t, 
J=6.8 Hz). In the trimethylene-interrupted iso- 
mer (compound 2) the shifts of the methylene 
protons adjacent the tellurium atom were partially 
resolved into two overlapping triplets at 0,, 2.63 
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(13-H) and 2.71 (11-H) due to the y-effect of the 
acetylenic system on the 11-H protons. However, 
the y-effect from the tellurium on the methylene 
adjacent to the acetylenic bond was not obvious, 
as the signals for these protons were not further 
differentiated as they appeared unresolved in the 
region 0,, 2.10 (m) of the spectrum. 

For compound 3 the shifts of the two 
methylene groups between the acetylenic bond 
and the tellurium atom were clearly being affected 
by the these groups. The shifts of these protons 
appeared as a singlet at 0,, 2.70 (4H, 10-H, 11-H), 
which reflected the chemical equivalence of these 
protons. The shifts of the 13-H (methylene pro- 
tons adjacent to the tellurium atom) and that of 
7-H were found at 0,, 2.61 (triplet) and 2.10 
(multiplet), respectively. Compound 4 could be 
readily differentiated from the other isomers from 
the singlet at 0,, 3.27, which was due to the shift 
of the protons of the methylene group between 
the acetylenic bond and the tellurium atom. A 
significant downfield effect from the acetylenic 
system on the other methylene group adjacent to 
the tellurium atom was also observed as the shifts 
of these protons (5-H) appeared at 0,, 2.87 (t). 
However, the tellurium atom appeared not to 
cause any significant deshielding effect on the 
protons of the remaining methylene group adja- 
cent (10-H, 6,, 2.10) to the acetylenic bond. 

In the analysis of compound 5, where the 
acetylenic group and the tellurium atom are 
bonded together, the interaction of the metal and 
the acetylenic system caused the methylene pro- 
tons adiacent to the acetylenic bond and that 
adjacent to the tellurium atom to be clearly re- 
solved. The shifts of the 8-H and 12-H protons 
appeared as distinct triplets at 6,, 2.77 and 2.48, 
respectively. From this study of the 'H NMR 
properties of acetylenic tellura fatty acid esters, it 
was possible to characterise the non-methylene, 
mono- and di-methylene from the tri- and tetra- 
methylene interrupted isomers from their 'H 
NMR spectral properties. 


3.3. '? C NMR properties of acetylenic tellura 
fatty acid esters (1—5) 


In the study of '*C NMR properties of 


acetylenic fatty esters, the shielding shift effects 
(given as negative values) of an acetylenic system 
on the carbon shifts of methylene groups have 
been determined as: — 11.00, —0.65 and — 0.80 
for the adjacent «-, #- and y-methylene carbon 
nuclei, respectively (Bus et al., 1976). We have 
also determined the effects of a tellurium atom on 
the shifts of the adjacent methylene carbon atoms 
as: — 27.10 (shielding), + 2.62 (deshielding) and 
+2.34 (deshielding) for the a-, f- and }»- 
methylene carbon nuclei, respectively (Lie Ken Jie 
et al., 1991). The shift value of an unperturbed 
methylene carbon atom was assumed at 29.75 
ppm. Taking the combined effects of the 
acetylenic system and the tellurium nucleus into 
consideration, the assignments of the shifts of the 
various methylene carbon atoms were accom- 
plished. The results of the '*C NMR chemical 


shifts of compound 1—5 are summarized in Table 
») 


—_—s 


In compounds 1-4 the presence of less per- 
turbed triple bond was readily confirmed by the 
signals in the region of 6. 79-82 for the shifts of 
the acetylenic carbon atoms, but not in the case of 
compound 5 where the tellurium atom is bonded 
to the triple bond. The strong shielding effect of 
the acetylenic system on the adjacent methylene 
carbon atoms caused these carbon atoms to ap- 
pear at 0d. 18—22, unless the nuclei were being 
further affected by the tellurium atom. The very 
strong shielding «-effects exhibited by the tel- 
lurium atom caused many of the shifts of the 
adjacent methylene carbons to appear close to the 
zero value of the spectrum (0. = 0, tetramethylsi- 
lane) and in one instance (compound 4) the shift 
of one of the adjacent methylene carbons ap- 
peared in the negative range of the '*C NMR 
spectrum. 

In compound 1 (a tetramethylene interrupted 
acetylenic tellura isomer) the combined effects of 
the tellurium and acetylenic system made it 
difficult to differentiate the shifts of the /- 
methylene carbon atoms (C-9 and C-10) as the 
shifts appeared at 6. 31.35 and 31.45 for these 
two nuclei. However, in this narrow region of the 
spectrum, the signals at 6. 31.27 and 31.75 could 
be assigned to the C-15 and C-16 carbon nuclei, 
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Table 2 


Results of the '*C NMR analysis of acetylenic tellura fatty acid esters (1-5) 














Compound (0,) 


Nucleus (carbon) 















(1) (2) 














(3) (4) (5) 








C-] 173.87 173.30 
C-2 33.67 34.02 
C-3 24.20 24.54 
C-4 28.20 28.41° 
C-5 18.53 28.76° 
C-6 79.91 18.66 
C-7 80.18 80.80 
C-8 18.15 79.20 
C-9 31.45 21.07 
C-10 31.35 31.61 
C-11 1.79 1.44 
C-12 Te Te 
C-13 2.79 2.95 
C-14 32.29 32.26 
C-15 31.27 31.26 
C-16 31.75 31.75 
C-17 22.59 22.56 
C-18 14.03 14.00 
Ethyl ester 14.30 60.25 14.28 60.28 


Methyl ester 


173.63 173.60 174.06 
34.35 33.72 34.08 
24.89 27.34 24.92 
28.77" 31.57 29.12 
28.50* 4.81 28.58 
28.68" Te 31.42 
18.77 —17.95 31.50 
80.93 82.99 8.90 
81.04 78.23 Te 
22.56 19.05 34.34 

0.65 29.09° 112.73 
Te 28.97 21.02 
3.11 29.27° 28.82° 
32.34 29.56* 28.82° 
31.23 29.23° 29.12 
31.75 31.93 31.77 

22.69 22.70 22.64 
14.00 14.00 14.06 
14.27 60.11 14.30 60.20 


51.38 





* Interchangeable. 
CH,(CH,)<-Te-(CH,),-C = C-(CH,),COOEt (1) 
CH,(CH,),-Te-(CH,),-C = C-(CH,);COOEt (2) 
CH,(CH,)<-Te-(CH,)>.-C = C-(CH,), COOEt (3) 
CH,(CH,).-C = C-CH,-Te-(CH,),COOEt (4) 
CH,(CH,),.-C =C-Te-(CH,),COOMe (5) 


respectively. The a-methylene carbons to the 
acetylenic system and those adjacent to the tel- 
lurium atom were readily identified. In this iso- 
mer, where the acetylenic bond is located between 
the C-6/C-7 position of the fatty acid ester chain, 
the long range effect from the ethyl ester function 
on the shift of the acetylenic carbon atoms per- 
mitted the acetylenic carbon atoms to be resolved 
with the result that the shifts of the C-6 and C-7 
carbon nuclei appeared at 0. 79.91 and 80.18, 
respectively. 

The carbon shifts of the methylene carbon 
atom(s) of the mono-, di- and tri-methylene inter- 
rupted acetylenic tellura isomers (compounds 2- 
4) were readily assigned. The effect of the 
tellurium atom on the shifts of the acetylenic 
system also allowed the acetylenic carbon atoms 
to be identified. Of interest was the large negative 





shift value (6. — 17.95) observed for the shift of 
the methylene carbon atom (C-7) of compound 4, 
which is located between the acetylenic system 
and the tellurium atom. 

In compound 5, where the tellurium atom is 
bonded to the acetylenic system, the shifts of the 
acetylenic carbon atoms were unique and ap- 
peared at 0. 34.34 and 112.73 for C-10 and C-11, 
respectively. However, the shift of the methylene 
carbon atom adjacent to the tellurium nucleus 
(C-8) appeared much more downfield (at d¢ 8.90) 
than expected (at about 6, 2.00—3.00 region) of 
this nucleus. Similarly the methylene carbon adja- 
cent to the acetylene system (C-12) appeared at 6. 
21.02 instead of about 6. 18.00 had there been no 
tellurium atom bonded to the triple bond system. 

From the study of the NMR properties of these 
acetylenic tellura fatty acid esters, it was possible 
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to use this technique to identify each isomers as 
either the non-, mono-, di-, tri- or tetra-methylene 
interrupted isomer acetylenic tellura fatty ester 
analogue. 
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Abstract 


Semisolid aqueous dispersions of soy phosphatidylcholine (PC) with high PC mass fractions between 0.35 and 0.6 
were prepared using a high-pressure homogeniser. Their morphologies were investigated by freeze fracture transmis- 
sion electron microscopy (FF-TEM) with regard to the quantity of water present. With all lipid/buffer ratios studied, 
vesicular structures in dense packing were seen on FF-TEM micrographs. PC ratios of up to 0.45 yielded small, 
unilamellar vesicles which were uniform in size. Matrices of higher lipid/buffer-ratios (0.45—0.6) also contained these 
small unilamellar vesicles plus an increasing fraction of more heterogeneous large multivesicular or multilamellar 
vesicles. Apparently, organisation of PC into small, homogeneous and unilamellar vesicles is not limited to ‘classical’ 
liposome dispersions, i.e. dilute lipid dispersions (< 300 mM), but can also be achieved in more concentrated lipid 
dispersions of PC fractions of up to 0.45 (600 mM) when lipid swelling is exerted under high mechanical stress 
conditions. © 1997 Elsevier Science Ireland Ltd. 


Keywords: Phospholipid; Phosphatidylcholine; Liposome; Vesicle; Electron microscopy; Freeze fracture 





1. Introduction 


The structure of phosphatidylcholine (PC) crys- 
tals and mesomorphic transitions occurring upon 


Abbreviations: FF-TEM, freeze fracture transmission elec- 
tron microscopy; MLV, multilamellar vesicles MVV, multi- 
vesicular vesicle; PC, phosphatidylcholine; SPC, soy 
phosphatidylcholine; SUV, small unilamellar vesicle. 
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contact with water have been studied since the 
thirties, employing light microscopy, small angle 
X-ray scattering and lateron neutron scattering 
and NMR techniques: PC-dihydrate can be ob- 
tained by crystallisation from water-containing 
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media (Yang et al., 1988). In the crystals PC 
molecules are arranged in lamellar structure with 
strong hydrogen bonding of the polar regions 
(Pearson and Pascher, 1979). The crystals show 
thermotropic and lyotropic mesomorphism. For 
reviews (Luzzati et al., 1968; Sackmann, 1974; 
Small, 1986; Ceve and Marsh, 1987; Borovyagin 
and Sabelnikov, 1989). Structures formed upon 
hydration with a limited amount of water are 
birefringent liquid crystals of (multi-) layered 
structure as revealed by X-ray analysis (Baer et 
al., 1941; Small, 1967). Isoelectric lipids show 
limited swelling whereas lipids with a net charge 
swell without limitation (Gulik-Krzywicki et al., 
1969). Water uptake expands the gap between the 
bimolecular leaflets. At a certain mixing ratio, 
swelling of specimens reaches a maximum as 
derived from interlamellar repeat distances. At 
this particular mixing ratio, occurrence of water 
droplets embedded in the lamellar (neat) lipid 
phase first was observed light microscopically by 
Small (1967). Small thus defined this mixing ratio 
as the boundary between monophasic and bipha- 
sic state. A detailed interpretation of the different 
levels of the swelling of lipids based on neutron 
scattering and NMR is given by Klose (Klose et 
al., 1986 and Klose et al., 1988). For a review on 
maximum hydration and structural dimensions of 
lipid multilayers Rand and Parsegian (1989). 

Liposomes, i.e. closed vesicles forming if lipid(s) 
are dispersed in excess aqueous medium, were 
extensively studied over the past decades. The vast 
majority of investigations deals with dispersions 
of relatively low lipid concentrations of not more 
than 300 mM or 25% (m/m). It is well established 
that application of mechanical stress reduces size 
as well as lamellarity of vesicles (Brandl, 1996). 
Various preparation methods utilise this effect, 
such as ultrasonication (Huang, 1969), extrusion 
through membrane filters (Hope et al., 1986: 
Jousma et al., 1987; Schneider et al., 1994) or 
high-pressure homogenisation. Furthermore, solid 
lipids can be transferred into small unilamellar 
liposomes by appropriate homogenisers in a single 
step (Brandl et al., 1990). 

The morphology of more concentrated phos- 
pholipid dispersions (> 300 mM), however, has 
not been studied systematically. Besides the above 








mentioned light microscopic and a number of 
X-ray studies, little information on their morphol- 
ogy is available in the literature (Cevc and Marsh, 
1987; Rand and Parsegian, 1989). 

The aim of the present study was to prepare 
highly concentrated aqueous phosphatidylcholine 
dispersions, i.e. mixtures of PC mass fractions 
between 0.35 and 0.6 by applying different levels 
of mechanical stress, and to elucidate the mor- 
phology of the obtained dispersions by freeze 
fracture transmission electron microscopy (FF- 
TEM). It has previously been observed that par- 
ticular high-pressure homogenisers can process 
highly viscous material (Brandl et al., 1993). and 
thus appear suitable to achieve ‘forced hydration’ 
of lipids in a controlled manner. A preliminary 
report of this work has been presented before 
(Brandl et al., 1996a,b) 


2. Materials and methods 


Preparation of concentrated phosphatidyl- 
choline dispersions with increasing PC contents 
ranging from 35 to 60% has been performed in 
analogy with the one-step technique for prepara- 
tion of liposomes (Brandl et al., 1990, 1993). In 
brief: dry powdered lipids were mixed with 
aqueous medium and this coarse dispersion was 
directly fed into a lab-scale high-pressure ho- 
mogeniser (Gaulin Micron Lab 40, APV Ho- 
mogeniser, Liibeck, Germany). The lipids used 
were highly purified phosphatidylcholine fractions 
from soy beans (Lipoid SPC, Lipoid GmbH, Lud- 
wigshafen, Germany or Phospholipon 100, Nat- 
termann Phospholipid GmbH, K6ln, Germany). 
The buffer was isotonic phosphate buffered saline 
with a pH of 7.4. The homogenisation conditions 
were 70 MPa and 10 homogenisation cycles. 
These conditions previously had been found ideal 
(Brandl et al., 1990, 1993). 

Preparation of specimens for electron mi- 
croscopy: small pieces of the lipid paste were 
mounted on a gold specimen holder (Baltec, Balz- 
ers, Liechtenstein) and quick-frozen by plunging 
into liquid ethane cooled to 77-100 K_ using 
liquid nitrogen. After a few seconds the sample 
was transferred onto a specimen table immersed 








in liquid nitrogen until insertion into the pre- 
cooled freeze fracture unit (BAF 301, Baltec, 
Balzers, Liechtenstein). Fracturing was carried 
out at 173 K and between 3.5 x 10~° Pa and 
1.4x 10~° Pa. The fractured faces were etched 
for 30 s at 173 K. Subsequently, the etched sur- 
face was vacuum deposited unidirectionally with 
platinum/carbon (2 nm) and carbon (30 nm) at 
an angle of 40—45°. The obtained replica was 
floated off in ethanol/water or ethanol/chloro- 
form mixtures. Lipid traces were removed by re- 
peated flushing. Specimens were visualised on a 
Philips EM400 transmission electron microscope 
or a Zeiss CEM 902, both operated at 80 kV 
high tension. At least three different freeze frac- 
ture replicae of two separate lipid preparations 
were examined for each lipid/buffer ratio. 


3. Results 


Firstly, for reasons of comparison, PC was 
allowed to swell in buffer under low mechanical 
stress conditions, i.e. stirring by a magnetic stir- 
rer for 2 h. In Fig. 1 micrographs of freeze 
fracture replicae are given of such a preparation 
with PC/buffer ratio of 0.40: 0.60. The mi- 
crograph Fig. l(a) gives an overview of the 
structures: more or less hemispherical fracture 
faces can be seen all over the image. The size 
distribution is quite heterogeneous with diame- 
ters ranging from below 0.1 “~m up to some ten 
micrometers. Step-like fractures through single 
lamellae are observed. Fig. 1(b) displays a cross 
fracture through a large vesicle with hundreds of 
concentric lamellae, separated by narrow spaces. 

Secondly, samples of identical PC/buffer ratio 
(0.40:0.60) were prepared employing high me- 
chanical stress conditions (high-pressure ho- 
mogenisation). The corresponding freeze-fracture 
images are given in Fig. 2. The overall appear- 
ance of the specimen is totally different: very 
small, round fracture faces are seen almost ex- 
clusively with diameters below 100 nm and 
much more homogeneous appearance (Fig. 2(a)). 
Only a minute proportion of very large vesicles 
in the micrometer range can be observed. An 
example of such a large vesicle is depicted in 
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Fig. 2(b). Here the structure underneath the 
etched surface can also be distinguished: the in- 
terior of the large vesicle consists of hundreds of 
round, quite small fracture faces. Apparently the 
large vesicle is tightly filled with numerous small 
vesicles, it represents a multivesicular vesicle 
(MVV). In these preparations cross fractures 
through lamellae cannot be observed which indi- 
cates the absence of oligo- or multilamellar vesi- 
cles. 

Almost identical observations were made with 
high-pressure homogenised samples of slightly 
lower and slightly higher PC contents (0.35 and 
0.45 mass ratio respectively, Figs. 3 and 4 re- 
spectively). Mostly small, uniform and smooth 
fracture faces were found and few very large 
vesicles. When comparing the structures of 35, 
40 and 45% dispersions, the proportion of very 
large vesicles seems to increase slightly with in- 
creasing lipid content. These large vesicles were 
all found to be filled with small vesicles when 
exhibiting their inferior. 

With further increased PC content of 0.50 
mass ratio, a dramatic change in the structures 
is found (Fig. 5): besides areas with predomi- 
nantly small uniform vesicles, a considerable 
fraction of larger vesicles can be distinguished. 
Furthermore, these large vesicles do not exhibit 
multivesicular inner structures rather than con- 
centric lamellar packing. Also some plane-paral- 
lel stacks of lamellar sheets are seen (Fig. 5(a) 
and (b)). 

With PC/buffer mixtures of even higher PC 
proportion of 0.60, freeze fracture images (Fig. 
6(a) and (b)) reveal similar types of structures: 
firstly, small uniform fracture faces, secondly 
large vesicles with cross fractures of concentric 
lamellae and thirdly lamellar stacks. A difference 
in the proportion of these three elements be- 
tween matrices of 0.50 and 0.60 PC mass ratio 
could not be found. 

For comparison, solid crystalline PC was 
freeze fractured and examined, which exhibit a 
lamellar crystal structure of undisturbed plane- 
parallel organisation within the dimension de- 
tectable by FF-TEM, 1.e. several microns (Fig. 
7), comparable to those published by Daemer et 
al., 1970. 











































68 M. Brandl et al. / Chemistry and Physics of Lipids 87 (1997) 65—72 




















2a 

















Fig. 1. FF-TEM micrograph of 40% soy phosphatidylcholine (SPC) dispersion in buffer, prepared by gentle agitation using a 
magnetic stirrer. (a) Heterogeneous vesicles of broad size distribution up to several microns in dense packing; bar is 5 ~m in total. 
(b) Cross fracture through large vesicle with multiple concentric lamellae (multilamellar vesicle, MLV) embedded in lipid matrix; bar 


is | «wm in total. 


Fig. 2. FF-TEM micrograph of 40% SPC dispersion in buffer, prepared under high mechanical stress conditions by high-pressure 
homogenisation at 10 x 70 Mpa. (a) Homogeneous, uniform small vesicles in the size range below 100 nm in dense packing; bar is 
| «m in total. (b) Fracture through a very large vesicle filled with numerous small vesicles (multivesicular vesicle, MVV), embedded 


in matrix of small vesicles; bar is 200 nm in total. 
4. Discussion 


Visualisation of semisolid PC dispersions by 
freeze-fracture transmission electron microscopy 
revealed one typical morphology for all lipid 
buffer ratios studied (0.35—0.6): a matrix of 
tightly packed vesicles with almost no space be- 
tween them. The sizes and morphologies of the 
vesicles, however, varied widely with lipid content 
and preparation conditions: 


When prepared by using low mechanical stress 
(magnetic stirring) pastes of PC fractions of 0.40 
exhibited a heterogeneous vesicle population with 
diameters ranging from below 0.1 to some 10 mm 
and with uni- to multi-lamellar walls. Cross frac- 
tured vesicles showed up to hundreds of concen- 
tric lamellae. The ‘onion’ structure is typical for 
multilamellar vesicles (MLVs) and comparable to 
those typically found in ‘classical’, handshaken 
liposome dispersions (Guiot et al., 1980). The 
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Fig. 3. FF-TEM micrograph of 35% SPC dispersion in buffer, prepared by high-pressure homogenisation at 10 x 70 Mpa. (a) 


Fracture plane (lower part of the image) and surface (upper part) of a matrix of homogeneous, uniform small vesicles in the size 
range below 100 nm; bar is | ~m in total. (b) Enlarged sector of the fracture plane of (a); bar is 1 wm in total 

Fig. 4. FF-TEM micrograph of 45% SPC dispersion in buffer, prepared by high-pressure homogenisation at 10 x 70 Mpa. Matrix 
of predominantly small vesicles with embedded large vesicles in the micrometer-range partly exhibiting golf-ball-like surfaces due to 
filling with small vesicles (multivesicular vesicles, MVV); bar is | ~m in total. 


only difference is that the vesicles formed at the 
high phospholipid concentrations appear closely 
packed and no space between the vesicles can be 
seen. The absence of regions of extended plane- 
parallel lamellar organisation (Daemer et al., 
1970) indicates that no unswollen, crystalline lipid 
remains. 

Preparations obtained by lipid swelling under 
high mechanical stress conditions (high pressure 
homogenisation) can be classified into two 
groups. The first group of lipid concentrations 





between 35 and 45% has a highly homogenous 
appearance and consists of densely packed vesi- 
cles of small and uniform size (<100 nm in 
diameter). Only a minute proportion of large 
vesicles tightly filled with small vesicles, i.e. multi- 
vesicular vesicles (MVV) is found. No cross frac- 
tures displaying concentric lamellae can be seen. 
It is thus assumed that the vesicles are unilamel- 
lar. 

In the second group with higher lipid contents 
of 50 and 60% of PC, more heterogeneous struc- 
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Fig. 5. FF-TEM micrograph of 50% SPC dispersion in buffer, prepared by high-pressure homogenisation at 10 x 70 Mpa. (a) 
Matrix of small uniform vesicles with embedded (deformed) large multilamellar vesicles (MLV) and plane-parallel stacks of lamellae; 
bar is 1 wm in total. (b) Enlarged sector of (a); bar is | ~m in total. 

Fig. 6. FF-TEM micrograph of 60% SPC dispersion in buffer, prepared by high-pressure homogenisation at 10 x 70 Mpa. (a) matrix 
composed of small uniform vesicles and stacks of lamellae with embedded (deformed) large multilamellar vesicles (MLV); bar is | 
um in total. (b) Sector displaying matrix predominantly composed of small uniform vesicles; bar is | ~m in total. 


tures are seen even after high-pressure homogeni- 
sation. Besides small uniform and unilamellar 


vesicles, large multilamellar vesicles and stacks of 


lamellae turn up. Some of the lamellar stacks can 
be assigned to deformed multilamellar vesicles. In 
other cases it is difficult, however, to distinguish 
between parts of very large closed vesicular sys- 
tems and remainders of PC crystals. From light 


microscopic observations and X-ray analysis of 


highly concentrated PC dispersions, which had 
been allowed to swell under low mechanical stress 


conditions, Small (1967) concluded that PC con- 
tents of more than 55% yield monophasic prepa- 
rations of neat or lamellar character. In the 
literature different data on hydration capacities 
are found (Rand and Parsegian, 1989). All these 
data, however, refer to dispersions which were 
allowed to swell under low mechanical stress con- 
ditions whereas here forced hydration (high-pres- 
sure homogenisation) was used. Klose et al. 
(1988) demonstrated that the extended planar 
sheets of the lamellar phase near the boundary 
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Fig. 7. FF-TEM micrograph of crystalline SPC. (a) Fracture face of SPC cyrstallite exhibiting plane-parallel lamellar orientation; 
bar is | «wm in total. (b) as a) but fractured at different angle; bar is 200 nm in total. 


between mono- and biphasic show local defects 
such as vesicle-like structures and spheroidal wa- 
ter cores. Klose observed this after hydration by 
back and forward centrifugation and found that 
the repeat distances measured by X-ray diffrac- 
tion were influenced by this. In the 50 and 60% 
dispersions studied here, apparently these struc- 
tural ‘defects’ are enhanced: a considerable pro- 
portion of the PC is arranged in the form of small 
unilamellar vesicles due to homogenisation. Limi- 
tation of free water seems to prevent complete 
reorganisation of the dispersion, some proportion 
remaining in the form of stacks of planar lamellar 
sheets or large multilamellar vesicles respectively. 


FF-TEM cannot quantify lamellar sheets of 


unswollen, partly or completely swollen lipid. Al- 
though characterisation of the concentrated lipid 
dispersions so far is by no means exhaustive and 
information from FF-TEM will have to be com- 
plemented by small angle X-ray scattering, NMR 
and other techniques it can be concluded: highly 
concentrated lipid dispersions (PC mass fractions 
between 0.35 and 0.60) adopt vesicular structures 
upon swelling, analogous to dilute liposome dis- 
persions. Size and lamellarity of the vesicles de- 
pend on lipid concentration as well as on intensity 
of mechanical stress exerted during swelling. 
Upon gentle agitation, very heterogeneous disper- 


sions of uni- to multilamellar vesicles in a broad 
size distribution are formed, whereas after high- 
pressure homogenisation the pastes predomi- 
nantly consist of homogeneous small and 
unilamellar vesicles as long as lipid concentrations 
do not exceed 45%. Above 45% large multilamel- 
lar vesicles (MLVs) and planar lamellar stacks 
extending to a range of several 10 wm are found 
as well as small unilamellar vesicles (SUVs). 

The pastes consisting of vesicles in dense pack- 
ing might have a potential as drug carrier systems. 
They may be used as an implantable depot formu- 
lation for controlled release of drugs in locore- 
gional or systemic therapy (Brandl et al., 1996b). 
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Abstract 


Comparative studies of antioxidant activities of such natural prenyllipids as plastoquinol-9 (PQH,-9), «-tocopherol 
quinol («-TQH,), ubiquinol-10 (UQH,-10) and «-tocopherol («-T) in egg yolk lecithin liposomes have been 
performed. The investigated compounds showed oxidation under molecular oxygen in the order UQH,-10 > «- 
TQH, > PQH,-9 > >.«-T. The corresponding second order rate constants have been determined in Tris buffer 
(pH = 6.5) and were 0.413, 0.268, 0.154 and 0.022 M ~ '/s, respectively. The inhibition order of Fe* * -H,O, -induced 
lipid peroxidation, corrected for the amount of prenyllipids oxidized during the initiation period, was «-TQH, > 
PQH,-9 > «-T > UQH,-10 for 5 mol” of the antioxidants content in liposomes. The radicals formed in the initiation 
phase of the reaction caused oxidation of 27.5—33% «-T, 40-64% UQH,-10, 42-85% PQH,-9 and 43-80% «-TQH:, 
depending on the antioxidant concentration in liposomes (5--1 mol%, respectively) which reflects approximately their 
reactivity against radicals derived from the Fenton reaction. The antioxidant activity of the investigated 
prenylquinols, in relation to the activity of «-T, in natural membranes is discussed. © 1997 Elsevier Science Ireland 
Ltd. 


Keywords: Plastoquinol; «-Tocopherol quinol; Ubiquinol; «-Tocopherol; Antioxidant activity; Lipid peroxidation; 
Liposome 


1. Introduction as hydrogen carriers in the photosynthetic (Rich 
and Moss, 1987) and respiratory (Gutman, 1980) 

Apart from the well established role of plas- electron transport chains, respectively, there is 
toquinol-9 (PQH,-9) and ubiquinol-10 (UQH,-10) increasing evidence accumulating of their addi- 
tional function as antioxidants (Frei et al., 1990; 

Kruk et al., 1994; Mukai et al., 1993; Stocker et 
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of x«-tocopherol («-T). The occurrence of «-toco- 
pherol quinol («-TQH,) in thylakoid and mito- 
chondrial membranes whose function is hitherto 
not fully explained may be also connected with 
it’s antioxidant action in these systems as suggest 
some preliminary experiments (Bindoli et al., 
1985; Kruk et al., 1994). 

Lipid peroxidation is an autocatalytic chain 
reaction induced by a free radical initiator (I®), 
proceeding in the following steps (Vigo-Pelfrey, 
1990): 


initiation: LH+1I®>~L®+ 1H (1) 
propagation: L® +O, LOO® (2) 
LOO® + LH — LOOH + L® (3) 


termination: LOO® + AH ~ LOOH + A® (4) 


where LH, I® and L® and LOO® and AH are 
polyunsaturated fatty acid, initiator, the fatty acid 
alkyl and peroxyl radicals, and antioxidant 
molecule, respectively. «-T is the best known ex- 
ample of natural lipid soluble antioxidants 
(Machlin, 1980). The reduction of peroxyl radicals 
by an antioxidant molecule Eq. (4) is the key 
reaction accounting for the inhibitory effect of 
antioxidants in lipid peroxidation. 

In model systems, Fe?* salts were widely used 
for initiation of lipid peroxidation (Fujii et al., 
1991; Fukuzawa et al., 1988a,b; Gutteridge, 1984; 
Liebler et al., 1986) giving in Fenton-type reaction 
with H,O, reactive hydroxyl radicals (and OH) 
which could be effective peroxidation initiators 
(Halliwell and Gutteridge, 1990): 


Fe?+ +H,0,—>Fe?+ +®OH + OH (5) 


Although the hydroxyl radical formed in this 
reaction is a very reactive species, it is a very 
short-lived radical which reacts with most organic 
compounds at nearly diffusion-controlled rates 
(Halliwell and Gutteridge, 1990). This reactivity 
makes little probable migration of °OH from the 
site of generation to the hydrophobic membrane 
compartments where the lipid peroxidation must 
be initiated. The other possibility could be site- 
specific, generation of °OH radicals at the site 
where they could immediately react with the 
target molecule, e.g. at the membrane surface 





(Halliwell and Gutteridge, 1990). It was also pro- 
posed (Schaich and Borg, 1988) that the Fenton 
reaction Eq. (4) could also occur in the lipid phase 
of the membrane. The alternative initiators, sug- 
gested in Fenton reactions are complexes between 
oxygen and different valence state of iron (Halli- 
well and Gutteridge, 1990; Minotti and Aust, 
1987), such as ferryl ion (FeO;* or FeOH**), the 
perferryl ion (Fe? *-O, or Fe**-O,; ®) and a fer- 
rous-dioxygen-ferric complex (Fe* * -O,-Fe**). In 
the absence of H,O,, Fe?* ions may also induce 
lipid peroxidation by reaction with traces of per- 
oxides present originally in lipids or formed dur- 
ing the propagation step Eq. (3) of the 
peroxidation reaction: 


Fe** + LOOH — Fe** + LO® + OH (6) 
LO® + LH — LOH + L® (7) 


The considerably lower concentration of lipid per- 
oxides than those of H,O, usually used in the 
experiments is partially compensated by about 20 
times higher reaction rate constant of the Eq. (6) 
than of the Eq. (5) (Halliwell and Gutteridge, 
1990). Therefore, the rate of formation of the 
initiating radicals is probably of the same order in 
both cases. 

Although there have been some studies per- 
formed on PQH,-9 and «-TQH, as lipid antioxi- 
dants (Bindoli et al., 1985; Kruk et al., 1994; 
Mukai et al., 1992), mainly in solution, and on 
UQH,-10 in different systems (Beyer, 1990; 
Cabrini et al., 1991; Frei et al., 1990; Kagan et al., 
1990; Mukai et al., 1992, 1993; Stocker et al., 
1991; Yamamoto et al., 1990), so far there was no 
report on the antioxidant activity of these 
prenylquinols during Fe**-induced lipid peroxi- 
dation of liposome membranes. Although the 
widely used system of peroxidation initiation with 
the azo-compounds enables calculation of peroxi- 
dation inhibition rate constants (Barclay et al., 
1984), it gives much lower peroxidation rate than 
the Fenton system and therefore longer measure- 
ments time is required, during which considerable 
oxidation of such labile compounds as 
prenylquinols may take place. Moreover, the lipid 
soluble azoinitiator (AMVN) may perturb the 
liposome bilayer structure and change the antioxi- 





J. Kruk et al. / Chemistry and Physics of Lipids 87 (1997) 73—80 75 


dants localization or mobility within the mem- 
brane. 

We have determined the inhibitory effect of the 
natural prenylquinols, in comparison to «-T, on 
Fe? * -H,O,-induced lipid peroxidation of egg yolk 
lecithin liposomes at different antioxidant concen- 
tration, measuring oxygen uptake during this pro- 
cess. The prenyllipids concentration during the 
peroxidation reaction was followed directly by 
their fluorescence intensity (Kruk et al., 1993, 
1994). Since quinols are known to oxidize under 
molecular oxygen, this reaction was measured for 
the compounds used in our study, and the reac- 
tion rate constants of prenyllipids auto-oxidation 
were determined. These data were used for the 
correction of oxygen uptake during the lipid per- 
oxidation reaction. 


2. Materials and methods 


Ubiquinone-10 and plastoquinone-9 were a 
kind gift from Hoffmann-La Roche (Switzerland). 
They were purified by TLC on silica gel plates 
(Merck) using chloroform as an eluent. «-Toco- 


pherol quinone was prepared and purified accord- 
ing to Kruk (1988). The prenylquinols were 
obtained by reduction of the corresponding 
quinones with NaBH, in methanol. The «-T was 
from Merck and egg yolk lecithin (EYL), type 
V-E, was purchased from Sigma. The EYL prepa- 
ration used for our studies was partially oxidized, 
having absorbance ratio A,3;A,,;=0.73 in 
ethanol, which corresponds to approximately 1% 
of peroxides (Bergelson, 1980). Such increased 
content of lipid peroxides should promote Fe? * - 
LOOH catalyzed lipid peroxidation. Small unil- 
amellar liposomes were prepared by injection of 
ethanol solutions of an antioxidant and EYL into 
10 mM Tris buffer (pH = 6.5) under continuous 
stirring. The final EYL concentration was 0.5 
mM, ethanol concentration of 1.25% and antioxi- 
dants content in liposomes of 1, 3 or 5 mol™%. All 
the measurements and liposome preparation were 
performed at 25°C. Lipid peroxidation was mea- 
sured by monitoring oxygen uptake using Clark- 
type electrode (Hansatech), assuming an oxygen 
concentration of 253 4M in the initial reaction 


mixture at 25°C. Prenylquinols and «-T concen- 
tration was measured fluorimetically, on Perkin- 
Elmer LS-50 fluorimeter, using excitation at 290 
nm and emission at 370 nm for UQH,-10 or 330 
nm for the other compounds. We have found no 
changes in the fluorescence background level dur- 
ing the peroxidation reaction of the control sam- 
ple containing no antioxidant, which could 
interfere with the antioxidant fluorescence. The 
total sample volume was | ml for oxygen uptake 
measurements and 2 ml for fluorescence measure- 
ments. Ferrous ammonium-sulphate (Aldrich) 
stock solution, because of its instability, was pre- 
pared directly before the measurements, in nitro- 
gen saturated water. The lipid peroxidation 
reaction was started by addition of H,O, and 
Fe(NH,).(SO,), stock solutions to the preformed 
liposomes to a final concentration of 50 ~M Fe?* 
and 100 uM H,O,. 


3. Results and discussion 


Table | shows changes in the prenyllipids (AH) 
level in liposome membranes after the first 15 min 
of the measurement. The only possible reason for 
the prenyllipids concentration decrease is their 
oxidation under molecular oxygen, since the sam- 
ples did not contain any initiators of the lipid 
peroxidation reaction. The average oxidation 
rates demonstrate that «-T autoxidation is negli- 
gible, whereas UQH,-10 is most easily oxidized 
and the rates changed in the order UQH,-10 > «- 
TQH, > PQH,-9 > >«-T. For the determination 
of the second order rate constants of the reaction 
(v = k[O,][AH]) the initial AH concentrations, re- 
action rates (AAH) and oxygen concentration 
(253 4M) were taken. The & values given in Table 
| are the average of the & values calculated for 
different initial AH concentrations (1, 3 and 5 
mol%). The oxidation rates of the prenyllipids 
(A[AH],5 min’) are similar for their different con- 
tent in liposomes. This indicates that the possible 
differences in the localization of prenyllipids 
within the liposome bilayer at their different con- 
tent (Jemiola-Rzeminska et al., 1996; Kruk et al., 
1992) have no influence on the prenyllipids autox- 
idation rates. The obtained rate constants are 
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Table | 


Rates of prenyllipids (AH) in liposome membranes and the second order rate constants (kK) of the reaction determined from the 


fluorescence intensity changes of the prenylquinols 








Antioxidant [content in mol%] A[AH}]; smin (°%) A[AH], smin (%) (average) A[AH](uM/min) k(M~'/s) 
PQH,-9 [1] 44+1.0 3.5+0.6 0.014 0.154 
PQH,-9 [3] 3.0 + 0.7 0.03 

PQH.,-9 [5] 3.3+0.1 0.055 

2%-TQH, [1] 5.6+0.5 6.1+0.9 0.018 0.268 
2%-TQH, [3] 5.3 + 1.6 0.053 

2%-TQH, [5] 7.4+0.7 0.124 

2-T [1] 0.8 + 0.3 0.5+0.3 0.002 0.022 
4-T [3] 0.3+0.1 0.003 

4-T [5] 0.5+0.4 0.008 

UQH,-10 [1] 10.8+0.9 9442.7 0.036 0.413 
UQH,-10 [3] 7.6+2.3 0.076 

UQH,-10 [5] 99+4.9 0.165 





comparable with those determined for UQH,-1 
(1.5 M~'/s, pH 7.5) (Sugioka et al., 1988) and 
UQH,-0 (1.32 M~'/s, pH 7.3) (Cadenas et al., 
1977) in aqueous systems. «-Tocopherol practi- 
cally does not undergo autoxidation. Since the 
autoxidation of prenylquinols is pH dependent 
and is considerably faster at alkaline pH (29), so 
the observed reaction rates in our case (pH = 6.5) 
are expected to be higher at physiological pH (7.4) 
and temperatures. Even though the rate constants 
are relatively low, the autoxidation = of 
prenylquinols decreases their concentration and 
this effect should be taken into account in studies 
of peroxidation inhibition reactions, especially 
during long-lasting reactions, such as those with 
the azoinitiators. The oxidized prenylquinols 
(prenylquinones), in contrast to «a-tocopherol, 
could be easily rereduced in natural membranes: 
plastoquinone by photosystem II in thylakoid 
membranes (Rich and Moss, 1987); ubiquinone 
by NADH-ubiquinone reductase or succinate- 
ubiquinone reductase in mitochondrial mem- 
branes (Gutman, 1980) and «-tocopherol quinone 
both in thylakoid (Kruk and Strzatka, 1995) and 
mitochondrial (Bindoli et al., 1985) membranes by 
unidentified enzymes. 

Changes in the AH concentration during Fe? * - 
H,O,-induced lipid peroxidation of EYL lipo- 
somes are biphasic (Fig. 1). The first, fast phase 


taking about 30—40 s and a following, slow phase 
correspond to similar changes in oxygen con- 
sumption during the peroxidation reaction (Fig. 
2). During the fast phase, the formation of hy- 
droxyl radicals takes place Eq. (5) and probably 
of other active radicals which initiate lipid peroxi- 
dation and oxidize the prenyllipids. The hydroxyl 
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during Fe* *-H,O,-induced lipid peroxidation. The antioxi- 
dants initial concentrations were 3 mol% in liposomes (15 4M 
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Fig. 2. Oxygen concentration changes during Fe? * -H,O,-in- 
duced lipid peroxidation of EYL liposomes( ), and lipo- 
somes containing 3 mol% of «-T (A), PQH,-9 (@), «-TQH, 
(+) or UQH,-10 (@). 


radicals are formed in the Fenton reaction only 
within the first 30 s of the reaction (Minotti and 
Aust, 1987). Therefore, their formation is proba- 
bly negligible in the slow phase. The oxidation of 
AH during the fast phase followed the single 
exponential decay with k values in the range of 
11-13 x 10~* s~' and without any pronounced 
AH concentration dependence. The relative reac- 
tivity of the investigated compounds against radi- 
cals which initiate peroxidation in our system 
(mainly hydroxyl radicals), can be inferred from 
the relative AH amount oxidized after the fast 
phase of the reaction which changed in the order 
a-TQH, > PQH,-9 > UQH,-10>«-T (Table 2) 
for 3 and 5 mol% of the antioxidants content in 
liposomes. This order is probably a measure of 
the prenyllipids antioxidants activity against hy- 
droxyl radicals formed in the fast phase of the 
peroxidation reaction. During the slow phase, 
where Fe**-LOOH-induced lipid peroxidation 
Eq. (6) dominates, AH consumption was rela- 
tively low (Table 2) and was caused by oxidation 
of AH molecules by the lipid peroxyl radicals 
(chain breaking reaction, Eq. (4)) and slow AH 
autoxidation. We have not observed any direct 





AH oxidation by Fe** ions (data not shown) 
which are formed in the Fenton reaction. As can 
be seen from Fig. 2, there is a pronounced in- 
hibitory effect of all the investigated antioxidants 
on oxygen consumption during lipid peroxidation 
of EYL liposomes, which is the consequence of 
peroxyl radicals reduction by antioxidants Eq. (4) 
and breaking the chain reaction. The oxygen up- 
take rate is similar for 3 and 5 mol% of a given 
AH (Table 3) but at 1 mol™%, apart from «-T, is 
strongly increased, probably by the high degree of 
AH oxidation in these samples (Table 2). To 
compare the inhibitory effects of the investigated 
antioxidants, we have to also take into account 
the oxygen consumption associated with AH oxi- 
dation in the slow phase and due to AH autoxida- 
tion (assuming O,:AH stoichiometry of 1:1) and 
the amount of the antioxidant left after the fast 
phase (1—100/A[AH],p[%]). The corrections for 
AH oxidation is shown in brackets (Table 3, 
column 3) and the peroxidation inhibition coeffi- 
cients calculated for the initial AH concentration 
from the formula: (100/v)/(1-A[AH],p[%]/100) are 
shown in Fig. 3. The corrected inhibition coeffi- 
cients are the highest for ~-TQH, and PQH.-9 for 
3 and 5 mol%. The considerably lower values for 
1 mol% might be connected with a low antioxi- 


Table 2 

Concentration changes of prenyllipids (AH) after the fast 
phase of Fe**-H,O,-induced lipid peroxidation (A[AH],p) of 
EYL liposomes and rates of AH oxidation during the slow 
phase (A[AH]g.p) 








Antioxidant [content in A[AH]pp (%) A[AH]sp(uM 
mol%] AH/min) 
PQH.,-9 [1] 85 ~0.01 
PQH.,-9 [3] 53 0.08 
PQH.,-9 [5] 42 0.23 
x-TQH, [1] 80 ~ 0.02 
2-TQH, [3] 60 0.23 
x-TQH, [5] 43 0.58 
4-T [1] 33 ~0 

a-T [3] 30 0.09 
a-T [5] 27 0.13 
UQH.,-10 [1] 64 ~0 
UQH.,-10 [3] 52 0.09 


UQH,-10 [5] 40 0.40 
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Table 3 


Oxygen concentration changes during the slow phase of Fe?*-H,O,-induced lipid peroxidation of EYL liposomes, the relative rates 
(v) and ratios of the reaction rates with and without prenyllipids (100/v) 





Antioxidant [content in mol%] A[O,] 
(uM O,/min) 


Inhibition ratio (100/v) 


Relative rate (v) 





16.0 + 2.3 
PQH,-9 [1] 4.8+0.9 
PQH,-9 [3] 0.81 + 0.02 
PQH,-9 [5] 0.87 + 0.30 
2-TQH, [1] 5.61 +0.11 
x-TQH, [3] 1.16 + 0.20 
x-TQH, [5] 1.08 + 0.12 
x-T [1] 0.91 + 0.08 
x-T [3] 0.90 + 0.11 
x-T [5] 0.65 + 0.10 
UQH,-10 [1] 4.12 +0.34 
UQH,-10 [3] 1.18 +0.15 

1.39+0.13 


UQH,-10 [5] 


100 | 
30 3.331 
5 19.8 (22.8) 
5.4 18.5 (30.2) 
35 2.85 
7.2 13.8 (18.2) 
6.7 14.8 (63.2) 
5.7 17.6 
5.6 17.8 (19.8) 
4.0 24.6 (31.8) 
25.7 3.9 
7.4 13.6 (15.8) 
8.7 11.5 (24.2) 





The values in brackets were calculated taking into account oxygen consumption by prenyllipids in the slow phase and due to their 


autoxidation. 


dant content after the fast phase (0.15 mol% for 
PQH.-9, 0.2 mol™% for «-TQH, and 0.36 mol™% for 
UQH.,-10) for the effective lipid peroxidation inhi- 
bition. The calculated inhibition coefficients pre- 
sented in Fig. 3 are reflecting the antioxidant 
activity of the prenyllipids against lipid peroxida- 
tion derived peroxyl radicals (Eq. (4)). 

It should be also considered if the semiquinone 
forms of the investigated prenyllipids, formed in 
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Fig. 3. Peroxidation inhibition coefficients of prenyllipids 
(AH) in EYL liposomes calculated for the initial prenyllipids 
concentration: (100/v)/(1-A[AH],-p[%]/100). 





the Eq. (4), could act as pro-oxidants, i.e. stimu- 
late the lipid peroxidation, for example by decom- 
position of lipid peroxides, as in the case of Fe? * 
ions Eq. (6). However, it was found (Porter et al., 
1995) that the reaction rate constants of the pro- 
oxidant reactions of «-T are several orders of 
magnitude lower than the k value of it’s antioxi- 
dant reaction (Eq. (4)). Similar relations can be 
expected for the prenyllipids investigated in our 
system. 

Our results show that in the determination of 
the inhibitory effects of labile compounds such as 
prenylquinols on lipid peroxidation, it is impor- 
tant to examine all the possible side reactions, e.g. 
the reaction of peroxidation initiators with the 
antioxidants, which may strongly influence their 
concentrations. In the case of azoinitiators, there 
is a constant rate of initiator production during 
the peroxidation reaction. This reaction con- 
stantly changes the level of antioxidants which is 
not due to the termination reaction by the antiox- 
idants as it was recently shown by Koga and 
Terao, 1996 where the rate of tocopherol loss in 
dimyristoyl phosphatidylcholine liposomes was 
similar as in soyabean phosphatidylcholine lipo- 
somes in the course of AAPH-initiated peroxida- 
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tion reaction. Although our initiation system is 
not as well defined as that of the azoinitiators, it 
also gives in the slow phase of the reaction contin- 
uous initiating system (Fe** +LOOH — Fe** 
+LO®+QOH) which is evident from _ the 
approximately constant antioxidants and oxygen 
concentration changes during the slow phase 
(Figs. 1 and 2). 

Considering the function of the investigated 
prenylquinols as antioxidants in natural mem- 
branes we have to take into account the relative 
proportions of UQH,-10 and «-T in mitochon- 
drial membranes (Mellors and Tappel, 1966) 
whose molar ratio is about 10 and PQH,-9 and 
a-T ratio in thylakoid membranes (Lichtenthaler 
et al., 1981) which is about 2. This suggests that 
the contribution of PQH,-9 and UQH,-10 in pre- 
venting membrane lipid peroxidation may be even 
higher than that of «-T. The recent finding (Hun- 
dal et al., 1995) of inhibition of lipid peroxidation 
by PQH,-9 in chloroplast thylakoid membranes 
during strong illumination may support the sig- 
nificant antioxidant function of PQH,-9 in natural 
membranes. 
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9-Hydroxy-10,12-octadecadienoic acid (9-HODE) and 13-hydroxy-9,11-octadecadienoic acid (13-HODE) are accu- 










mulated in the low density lipoproteins of patients suffering from rheumatoid arthritis for a factor of 20—50 
compared to healthy individuals of the same age. Both acids, derived by lipid peroxidation of linoleic acid, induce the 
release of interleukin 1f. The latter induces bone degression. The genesis of 9- and 13-HODE seems therefore to be 
an important factor in the development and progression of rheuma; in addition 9-HODE was reported to be a 
stimulus of inflammation, comparable to leukotrienes. © 1997 Elsevier Science Ireland Ltd. 
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1. Introduction 


Lipidperoxidation products of arachidonic acid, 
e.g. prostaglandines (Bergstr6m and Sjoévall, 1957; 
Bergstrom et al., 1962), thromboxanes (Hamberg 
et al., 1975), prostacyclines (Moncada et al., 1976, 
1978) and leukotrienes (Borgeat and Samuelsson, 
1979; Murphy et al., 1979; Oerning et al., 1980) 
are well known potent physiological active com- 
pounds in humans and animals. Jasmonic acid, 
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derived by lipid peroxidation of linolenic acid is a 
comparable potent active compound in plants 
(Vick and Zimmerman, 1987). In contrast only 
very little is known about the physiological role of 
lipid peroxidation products of linoleic acid: Moch 
et al. (Moch et al., 1990) recognized that 9-Hy- 
droxy-10,12-octadecadienoic (9-HODE), derived 
by lipid peroxidation of linoleic acid followed by 
enzymic reduction, has comparable inflammatory 
potence to leukotrienes. Ku et al. (Ku et al., 1992) 
reported, that 9-HODE and the isomeric 13-hy- 
droxy-9,11-octadecadienoic acid (13-HODE), but 
also cholesteryl-9-HODE induce the release of 
interleukin 1f from macrophages. 
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Comparing the lipid peroxidation products of 
myocardial infarcted tissue of a porcine heart with 
the surrounding non infarcted tissue of the same 
heart we recognized that the content of 9-HODE 
was increased for a factor of about 20 (Dudda et 
al., 1996). 

9- and 13-HODE are also main lipid peroxida- 
tion products observed after injury of tissue. 
Hereby hydroxy acids of linoleic acid outweighed 
those of arachidonic acid for a factor of four, 
indicating a major involvement of linoleic acid in 
the LPO process (Herold and Spiteller, 1996). 
This observation stimulated us to investigate sam- 
ples of patients suffering from other diseases in 
which increased amounts of lipid peroxidation 
products were reported by measurement of thio- 
barbituric acid reactive substances (TBARS). One 
of these diseases is rheumatism. 

Lunec et al. (Lunec et al., 1981) found in- 
creased concentrations of conjugated dienes and 
fluorescent lipid peroxidation products in the 
serum and synovial fluid of patients with inflam- 
matory joint diseases. By measuring MDA with 
the thiobarbituric acid test Muus et al. (Muus et 
al., 1979) detected, that the MDA concentration 
in the plasma correlates with disease activity. Sel- 
ley et al. (Selley et al., 1992) found 4-hydroxy-2- 
nonenal in plasma and synovial fluid of patients 
with rheumatoid arthritis (RA) and osteoarthritis. 
In addition a loss of vitamin E in synovial fluid of 
rheumatic patients was observed (Fairburn et al., 
1993). We report in this paper on the observation 
of a strong increase of 9- and 13-HODE and 
enhanced levels of aldehydic compounds in the 
LDL of patients suffering from RA. 


2. Materials and methods 


2.1. Materials 


N-Methyl-N-trimethylsilyltrifluoroacetamide 
(MSTFA) was obtained from Machery and Nagel 
(Diren, Germany). All other chemicals were pur- 
chased from Fluka (Neu Ulm, Germany). Sol- 
vents were destilled before use. 


2.2. Methods 


Blood samples of healthy individuals were ob- 
tained from the red cross blood service in 
Bayreuth. Samples of patients suffering from RA 
were provided from the hospital in Bayreuth. All 
patients (with exception of patient no. 8) showed 
typical signs of RA, considering the revised crite- 
ria from the American Rheumatism Association 
(Arnett et al., 1988). All blood samples were taken 
after fasting over night in the morning. 

The different kinds of lipoproteins (VLDL, 
LDL and HDL) were precipitated from 10 ml of 
human blood serum following a method of Leiss 
et al. (Leiss et al., 1979). Since conjugated com- 
pounds are sensitive to further oxidation all pro- 
cessing steps were carried out in an argon 
atmosphere. The lipoproteins were lyophilized, 
the residues were weighted (about 50 mg) and 
dissolved in 200 ml TRIS/HCl-buffer (pH 7.4). 
Protection against oxidation was achieved by ad- 
dition of 200 ul of a BHT solution (2% in 
methanol) and 3.75 ml of a EDTA—Na, solution 
(1% in bidestilled water). 

The lipoprotein solution was divided in two 
parts for determination of (1) LOOHs and LOHs 
and (2) 2-hydroxyaldehydes, malondialdehyde 
and glyoxal. 


2.2.1. Investigation of LOOHs and LOHs by 
determination as hydroxy fatty acid methyl esters 

6-hydroxyheptadecanoic acid (for quantifica- 
tion of the monohydroxy fatty acids) was used as 
internal standard. The lipid extraction followed 
the method of Bligh and Dyer (Bligh and Dyer, 
1959). Chloroform was removed under reduced 
pressure. The samples were processed in exactly 
the same manner as described previously (Jira et 
al., 1996). 


2.2.2. Investigation of plasmalogen epoxides, 
2-hydroxyaldehydes, glyoxal and MDA by 
determination as pentafluorobenzyloxime 
derivatives 

Aldehydic LPO products were captured as pen- 
tafluorobenzyloximes (Loidl-Stahlhofen and 
Spiteller, 1994; Van Kuiyk et al., 1986; Siakotos et 
al., 1988). Quantification of «-hydroxyaldehydes 















was achieved by addition of 1-hydroxy-2-tride- 
canone as internal standard. Quantification of 
glyoxal and MDA was carried out by addition of 
acetylacetone as internal standard. PFBO deriva- 
tives were extracted with chloroform and sepa- 
rated by thin layer chromatography (CH—EE 9:1; 
detection: UV,<;, ,, and spraying with 10% 
ethanolic AMPA) using 1-hydroxy-2-tridecanone- 
PFBO (Rf =0.3) and MDA-(PFBO), (Rf = 0.5) 
for detection of the corresponding zones. The area 
containing the indicated compounds was scraped 
off, eluted with chloroform and dried under re- 
duced pressure. The samples were trimethylsily- 
lated with MSTFA and analyzed by GC-MS. 
Quantification of MDA and glyoxal was achieved 
by mass spectrometry ion tracing, using the M- 
197 ion in comparison to those of the internal 
standard. Quantification of 2-hydroxyaldehydes 
was achieved by mass spectrometry ion tracing, 
using the M-15 fragment. 






















3. Results 






Most of the LOOHs produced during lipid 
peroxidation (LPO) of LDL are reduced enzymi- 
cally to their hydroxy derivatives under catalysis 
by glutathione-dependent peroxidases (Lehmann 
et al., 1992). Thus determination of LOOHs and 
LOHs is required to obtain a true picture of the 
amount of LPO. This is achieved when the total 
content of LOOHs and LOHs is determined to- 
gether by reduction of the mixture of hydroperox- 
ides by catalytic hydrogenation (Nikkari et al., 
1995), which not only reduces the hydroperoxyl- 
groups but also hydrogenates the double bonds. 
In addition this procedure excludes the risk of 
further lipid oxidation during the workup proce- 
dure. 

Analysis of the free hydroxy fatty acids was 
achieved by sample processing omitting the hy- 
drolysis step. The content of both esterified and 
free hydroxy fatty acids was determined with a 
second sample after hydrolysis. The samples were 
transformed into their methylesters and were sep- 
arated from the bulk of accompanying fatty esters 
by column chromatography. After derivatization 
with MSTFA, the trimethylsilylated monohy- 
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droxy fatty acids were analyzed by GC and GC- 
MS. The ion currents of the typical a-cleavage 
products of these compounds were quantified by 
comparing the area of the selected «-cleavage 
fragment ions with those of the standard com- 
pound added to the sample at the beginning of 
the workup procedure. 

About 90% of the total amount of hydroxy 
fatty acids found in LDL were free fatty acids. 
This indicates the involvement of phospholipases 
in a previous reaction step. 

Monohydroxy acids derived from linoleic or 
oleic acid were detected in about three to five 
times higher amounts than those of arachidonic 
acid. A reason therefore could be the increased 
ability of arachidonic acid oxidation products to 
undergo secondary and tertiary peroxidation reac- 
tions. These reactions are facililated since arachi- 
donic acid possesses three bisallylically activated 
methylene groups in contrast to linoleic acid with 
only one bisallylically activated CH, group 
(Mlakar and Spiteller, 1994; Tamura et al., 1991; 
Rubbo et al., 1994). 

As reported recently the amounts of different 
hydroxy acids, e.g. 9-hydroxy octadecanoic acid 
(derived from 9-LOOH) in LDL of healthy volun- 
teers increase with age (Jira et al., 1996). There- 
fore comparison of the content of 9-HODE in 
rheuma patients with that of healthy individuals 
of the same age is required. Even young RA 
patients showed significantly enhanced levels of 
9-LOH compared to healthy people of the same 


Table | 
Content of 9-LOH in LDL samples of healthy volunteers 





age sex 9-LOH ug/g LDL 
| 22 m 0.5 
2 24 m 0.6 
3 25 m 0.5 
4 39 f 0.8 
5 44 f 0.3 
6 54 f 0.9 
7 56 m 1.8 
8 60 m 1.1 
y) 64 m 2.3 
10 66 f 3.1 
1] 68 f 12.2 
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Fig. 1. Content of 9-LOH in LDL of healthy individuals and 
patients suffering from RA. 


age group. Table | shows ages, sex and content 
of derived 
healthy volunteers. 

Table 2 shows ages, sex, content of derived 
9-hydroxyoctadecanoic acid, LDL, HDL, choles- 
terol, triglycerides and diagnosis of RA patients. 

The values obtained from patients and healthy 
volunteers are arranged with increasing age, the 
age (in years) is indicated at the x-axis of the 
diagram (Fig. 1). 

Determination of «-hydroxyaldehydes was 
achieved by addition of pentafluorobenzylhy- 
droxylamine-hydrochloride to the lipoprotein-so- 
lution, causing immediate 
a-hydroxyaldehydes and plasmalogenepoxides by 
formation of pentafluorobenzyloximes. Main 
product of short chain x-hydroxyaldehydes is 2- 
hydroxyheptanal, derived by direct decomposi- 
tion of 13-hydroperoxy-9,11-octadecadienoic acid 
(13-HPODE) and_ 15-hydroperoxy-5,8,11,13-ei- 
cosatetraenoic acid (15-HPETE) (Loidl- 
Stahlhofen and Spiteller, 1994; Mlakar and 
Spiteller, 1996). The short chain «-hydroxyalde- 
hyde 2-hydroxyheptanal was found in _ nearly 
equal amounts as the long chain «-hydroxyalde- 
hyde 2-hydroxyhexadecanal in healthy volun- 
teers. A comparison of _ the 
2-hydroxyheptanal and 2-hydroxyhexadecanal 
(average value) in LDL of a group of healthy 
volunteers with patients suffering from RA 
showed enhanced levels of these aldehydic com- 


9-hydroxyoctadecanoic acid of 


trapping of 


content of 





pounds in rheumatic volunteers. Hereby 2-hy- 
droxyhexadecanal increased at a higher rate in 
LDL of RA patients than 2-hydroxyheptanal in 
comparison to healthy individuals of the same 
age group. Fig. 2 shows the content of 2-hy- 
droxyheptanal and 2-hydroxyhexadecanal (aver- 
age value of 11 volunteers each) in LDL of 
healthy people (average age 47.5 years) and pa- 
tients suffering from RA (average age 47.4 
years). 

A typical degradation product of hydroperox- 
ides of polyunsaturated fatty acids is MDA (Es- 
terbauer and Cheeseman, 1990; Dahle et al., 
1962; Janero, 1990; Esterbauer, 1982; Grosch, 
1987). It is commonly used for the measurement 
of LPO with the thiobarbituric acid test. But it 
is also able to form a (bis)-PFBO derivative 
(Loidl-Stahlhofen and Spiteller, 1994; Mlakar 
and Spiteller, 1996) as well as glyoxal. (Bis)- 
PFBO derivatives of both compounds were 
quantified using the (bis)-PFBO derivative of 
acetylacetone as internal standard. Glyoxal and 
MDA were found in higher amounts in LDL of 
patients suffering from RA than in volunteers of 
the same age. The amount of MDA in LDL of 
RA patients increased for a factor of three to 
four in comparison to healthy volunteers. In 
Fig. 3 the content of glyoxal and MDA in LDL 
of healthy and RA patients is shown. 
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Fig. 2. Content of 2-hydroxyheptanal and 2-hydroxyhexade- 
canal in LDL of healthy volunteers and patients suffering 


from RA. 
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Fig. 3. Content of glyoxal and MDA in LDL of healthy and 
patients suffering from RA. 


4. Discussion 


Reactive oxygen species (ROS) play an impor- 
tant role in the pathology of a wide range of 
inflammatory diseases (Blake and Lunec, 1990). 
The involvement of these ROS in the pathogenesis 
of human rheumatoid diseases is based on the 
work of McCord (McCord, 1974) who showed 
that the decreased viscosity of synovial fluid from 
the joints of patients with RA could also be 
produced by exposing synovial fluid of 
hyaluronate (the glycosaminoglycan responsible 
for most of the synovial fluid viscosity) to a 
superoxidegenerating system in vitro. The lipid 
peroxidation in the blood of rheumatic patients 
was usually determined by measuring MDA with 
the thiobarbituric acid test. Linoleic acid hy- 
droperoxides are transformed only to a very small 
amount to MDA. They therefore escape determi- 
nation with this method. In addition MDA deter- 
mination with the TBA-test requires heating of 
the samples up to 100°C. At this temperature 
precursor molecules may decompose to MDA, 
leeding to high MDA levels. Indeed the determi- 
nation of MDA as (bis)-PFBO-derivative in LDL 
of healthy volunteers and patients suffering from 
RA showed, that the content of MDA is much 
lower (for a factor of about 30) in comparison to 
the content of 9-HODE. In addition the differ- 
ences in the amount of 9-HODE_ between 
rheumatic and healthy people are for a factor of 
10 higher than that of MDA. Therefore the deter- 


mination of 9-HODE seems to be a more reliable 
and better parameter for LPO in LDL than deter- 
mination of MDA. The primary LPO products of 
linoleic acid, the most abundant unsaturated fatty 
acids in human LDL are 9- and 13-HPODE. 
Their reduction products, 9- and 13-hydroxys- 
tearic acid were detected in highly raised amounts 
in LDL of patients suffering from RA in compari- 
son to healthy people of the same age group. This 
increase can not be caused by intake of NSAID, 
since these drugs are known to be inhibitors of 
lipoxygenase (Sircar et al., 1983) and decrease the 
level of reactive oxygen species (Mueller-Pedding- 
haus and Wurl, 1987) and TBARS (Bilodeau et 
al., 1995)—thus their intake rather results in a 
decrease of 9-LOH than in an increase. 

The investigated 55 year old patient with a 
beginning RA showed an enhanced level of hy- 
droxy acids in LDL compared to healthy individ- 
uals. Of course the level is much lower than in the 
other RA patients suffering from an acute stage 
of the disease. This fact could be of diagnostic 
importance since no suited parameter for the di- 
agnosis of rheumatism is known until now. Hy- 
droxy acids derived from arachidonic acid were 
detected in a three to five fold lower amount in 
comparison to hydroxy acids derived from linoleic 
acid. This observation might be caused by the 
lower amount of arachidonic acid in comparison 
to linoleic acid in the LDL particle and the higher 
ability of LOOHs derived from arachidonic acid 
to undergo secondary and tertiary peroxidation 
reactions due to the presence of three bisallylically 
activated methylene groups in arachidonic acid 
compared to only one in linoleic acid. Hydroxy 
acids are the most abundant primary LPO prod- 
ucts in LDL. Their precursor molecules, the hy- 
droperoxy fatty acids show cytotoxic activities: 
LOOHs react with plasmalogens by formation of 
plasmalogenepoxides (Scheick and _ Spiteller, 
1993), which decompose to long chain «-hydrox- 
yaldehydes. These x-hydroxyaldehydes stimulate 
the oxidative burst reaction in macrophages 
(Heinle et al., 1996). These compounds were 
found in our investigation in enhanced levels in 
LDL of RA patients in comparison to healthy 
individuals of the same age group. 
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Hydroperoxy fatty acids also decompose to re- 
active aldehydes like glyoxal, MDA or 4-hydrox- 
ynonenal. Glyoxal and MDA were also found in 
increased amounts in LDL of RA patients (for a 
factor of three to four), whereas 4-HNE was not 
detected, probably caused by the high reactivity of 
this substance. 4-HNE can react with nucleophils 
in a Michael addition in vivo. It must be empha- 
sized that LOOHs are not detoxified completely 
by reduction: The corresponding hydroxy fatty 
acids have cytotoxic and chemoattractant activi- 
ties: Nakao et al. (Nakao et al., 1982) demon- 
strated, that the lipoxygenase products 12- and 
15-hydroxyeicosatetraenoic acid stimulate the rat 
aortic smooth muscle cell migration in vitro. 5- 
and 12-HETE are chemoattractants for human 
mononuclear leukocytes. They are chemotactic 
for neutrophils (Goetzl et al., 1977; Goetzl and 
Pickett, 1980). In addition Moch et al. (Moch et 
al., 1990) reported that 9-hydroxy-10,12-octadeca- 
dienoic acid is an equal strong proinflammatory 
mediator as leucotrienes. Ku et al. (Ku et al., 
1992) showed that this compound, but also the 13 
isomer, induces the release of interleukin 1f from 
macrophages. Gallwitz et al. (Gallwitz et al., 
1993) showed that 5-lipoxygenase metabolites, e.g. 
5-HETE stimulates isolated osteoclasts to resorb 
bone in vitro. Also interleukin | is a potent and 
powerful stimulator of bone resorption in vitro 
(Gowen and Mundy, 1986). This fact seems re- 
markable since bone resorption is a characteristic 
indication for a rheumatic disease. Therefore the 
strong increase of 9- and 13-HODE in rheumatic 
LDL might be involved in the pathology and joint 
destruction of this disease. 


5. Abbrevations 


13-HODE, 13-hydroxy-9, 1 1-octadecadienoic 
acid; 13-HPODE, 13-hydroperoxy-9, | 1-octadecad- 
ienoic acid; 15-HPETE, 15-hydroperoxy-5,8,11,13- 
eicosatetraenoic acid; 9-HODE, 9-hydroxy-10,12- 
octadecadienoic acid; 9-LOH, 9-hydroxy oct- 
adecanoic acid; 9-LOOH, 9-hydroperoxy octade- 
canoic acid; AMPA, ammoniummolybdatophos- 
phorus acid; BHT, butylated hydroxytoluene; CH 
cyclohexane; DMARD, disease-modifying anti- 


rheumatic drugs; EDTA, ethylene diamine tetra 
acetic acid; EE, ethylacetate; GC, gas chromatogra- 
phy; HDL, high density lipoproteins; HETE, hy- 
droxy eicosatetraenoic acid; LDL, low density 
lipoproteins; LOH, hydroxy octadecanoic acid; 
LOOH, hydroperoxy octadecanoic acid; LPO, lipid 
peroxidation; MDA, malondialdehyde; MS, mass 
spectrometry; MSTFA, N-methyl-N-trimethylsi- 
lyltrifluoroacetamide; NSAID, non-steroidal anti- 
inflammatory drugs; PFBO, pentafluorobenzyl- 
oxime; PUFAs, polyunsaturated fatty acids; RA, 
rheumatoid arthritis; TBA, thiobarbituric acid; 
TBARS, thiobarbituric acid reactive substances; 
TRIS, tris-(hydroxymethyl)-aminomethane; 
VLDL, very low density lipoproteins 
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